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Preparation and characterization of carbon-terminated P-SiC(001) surfaces
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(Received 1 March 1991)

Carbon-terminated surfaces have been formed on the initially Si-terminated P-SiC(001)-(2 X 1) surface
by exposure to C2H& at 800'C—1100'C. The structure of these surfaces (both as formed and after
atomic-H adsorption) has been investigated using Auger and electron-energy-loss spectroscopies, low-
energy electron diffraction, and electron-stimulated desorption of H+. A model is proposed for the
c(2X2) ordered C monolayer consisting of sp single-bonded C—C units with each C bridging two
nearest-neighbor Si atoms. These species exhibit a high degree of thermal stability, and the single dan-
gling bond remaining on each C is an active site for the thermally reversible adsorption of atomic H.
This c (2X2) surface is shown to be essentially the same as that formed by thermal desorption of Si from
the (2 X 1) surface but is more uniform and well ordered.

INTRODUCTION

The surface properties of hexagonal a- and cubic P-SiC
and the formation of oxides and metal interfaces on these
materials have received much attention recently. This
has been motivated in part by the obvious relevance of
such information to the fabrication of SiC-based electron-
ic devices. Furthermore, P-SiC is of fundamental interest
in that it serves as a bridge between the column IV ele-
mental semiconductors Si and Ge and the III-V com-
pound materials such as GaAs. Detailed studies' of the
P-SiC(001) and P-SiC(111) surface reconstructions for
different stoichiometries have been reported and compar-
ison made with Si and Ge surface structures.

For /3-SiC(001), much work to date has focused on the
stoichiometric Si-terminated (2 X 1) and Si-rich (3 X 2)
surfaces described in Ref. l. A Si-deficient (i.e., C-rich)
c(2X2) surface can also be prepared by annealing the
(2 X 1) surface at ~ 1200'C in ultrahigh vacuum (UHV).
This surface is relatively inert to room temperature ad-
sorption of O2, in contrast to Si and to other SiC sur-
faces, and forms sharp interfaces at room temperature
with metals such as Ti (Ref. 3 ) and Ni. Yet the c(2X2)
structure is not understood, and LEED (Ref. 1) (low-
energy electron difFraction), STM (Ref. 5) (scanning tun-
neling microscopy) and MEIS (Ref. 6) (medium-energy
ion scattering) results to date are ambiguous as to the ex-
act nature of the reconstruction.

A difficulty in any systematic study of this Si-deficient
surface is that, as a result of the method of preparation, it
is intrinsically inhomogeneous and probably contains a
high density of defects. The transitions from (3X2) to
(2 X 1) to c (2 X 2) to the graphitelike (1 X 1) phase' with
increasing annealing temperature are not sharp. Thus
electron energy loss' (ELS) and valence-band photoemis-
sion spectra of one surface phase frequently show weak
features associated with other phases. Attempts to
prepare the c(2X2) surface at lower temperature, to
avoid the (1 X 1) phase, almost always result in residual
(2X1) patches. The present work was motivated by an

interest in preparing homogeneous and well-
characterized C-terminated surfaces by adsorption of ex-
cess C on, rather than desorption of Si from, an initially
stoichiometric surface. The approach is analogous to the
preparation of the (3 X2) structure by adsorption of ex-
cess Si. Recent theoretical work has suggested that a C-
terminated surface could be stabilized by C-dimer pair-
1ng.

In the present work, C-terminated surfaces are formed
by reaction of the SiC(001)-(2X1) surface with ethylene
(C2H4) at elevated temperatures and are studied using a
variety of techniques. LEED and Auger electron spec-
troscopy (AES), with particular attention to line shapes,
are used to monitor surface composition and order. ELS
in the valence, Si 2p, and C 1s excitation regions is used
as a probe of structure-related changes in bonding. The
reaction of the C-terminated surface with atomic H is in-
vestigated and provides further insight into the surface
structure. Electron stimulated desorption (ESD) of H+ is
used as a means of directly detecting adsorbed H. Final-
ly, some results are also reported for the reaction of the
(001)-(2X 1) surface with methane (CH~) and for reaction
of the (001)-(3X2) with C2H4.

EXPERIMENTAL DETAILS

The samples were SiC(001) films, about 5 pm thick,
grown on Si(001) substrates oriented from 0.5' to 4' off
(001) in the (110) direction. The resulting clean SiC sur-
faces exhibit a single (2 X 1) or c (4 X 2) domain in LEED,
whereas, those for on-axis substrates show two orthogo-
nal domains. ' For ESD, on-axis samples were used as a
result of sample availability and the particular require-
ments as to sample configuration imposed by the experi-
ment. Other than the clean-surface LEED characteris-
tics, no difference was observed between on- and off-axis
samples. The preparation and characterization of clean
surfaces have been described in detail previously. ' '

The (2X1) surface was exposed to C2H4 (nominally
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99.5% pure) at substrate temperatures as high as 1100 C.
The upper limit was chosen to be well below the tempera-
ture ( = 1200 'C) at which Si desorption becomes
significant on the time scale of a typical series of expo-
sures. Exposures ranged from 10 to 2 X 10 L [1 langmuir
(L) =—10 Torr sec] based on uncorrected nude ionization
gauge pressure values. During exposure the C2H4 Bowed
through the chamber at pressures of from 2X10 to
5X10 Torr, depending on the desired exposure, with
continuous ion pumping. Unless otherwise noted, no im-
purities were detected above the AES elemental sensitivi-
ty limits. Some experiments were also performed using
methane (CH&, 99.99% pure). For exposure to atomic H,
the chamber was dynamically backfilled with Hz while
the sample faced a W filament, resistively heated to about
1700'C, at a distance of about 3 cm. The resulting Aux of
H is not known accurately, and exposures are quoted in
terms of the uncorrected H2 ionization gauge pressure
readings. Such H2 exposures will be referred to as
"filament-assisted. "

Auger and ELS data were obtained using a cylindrical
mirror analyzer with the coaxial electron beam incident
normal to the sample surface. For AES surveys, a pri-
mary beam of E =3 keV and i =3.5 pA was used with a
peak-to-peak modulation of 5E =2 eV. A 5E of 1 eV was
used for scans of the Si LVV and C KLL fine structure.
For ELS in the regions of valence, Si 2p and C 1s excita-
tion, E 's of approximately 96, 240, and 420 eV, respec-
tively, were used with a 5E=0.5 eV (unless otherwise
noted). These values of E gave nearly optimum surface
sensitivity (i.e., loss features in the 70—140-eV kinetic-
energy range) while maintaining the core excitation losses
well above the strong 88-eV Si LVV peak. The net reso-
lution in ELS (full width at half maximum of a 100-eV
elastic peak) was 0.7—0.8 eV for BE=0.5 eV. The ELS
data were recorded in the first-derivative
(d [EN(E) ]/dE) form and, to aid in peak location, could
be numerically di6'erentiated to give spectra in the

d[EN(E)]I—dE form. The data were checked for evi-
dence of damage by the Auger and ELS primary beams
by repeatedly scanning the same spot on the sample sur-
face and by comparing such spectra with those for previ-
ously unirradiated spots. Except for slow ESD of H after
exposure of the C-terminated surface to atomic H, there
was no indication of beam-induced changes in fine struc-
ture or line shapes in any of the spectra. Except where
noted, all data were recorded with the sample at nominal
room temperature.

H+ ESD data were obtained as described previously'
using a computer-controlled electron gun (beam energy
and focus) giving 0&E (100 eV and i =0.55 pA. The
electron energy was referenced to the Fermi level (EF) by
adding the work function (P, =4. 1 eV) and thermal ener-

gy (kT, =0.2 eV) of the Ta cathode and the spectrum (ion
yield versus E +P, +kT, ) corrected for the energy
dependence of i . The kinetic-energy distribution of the
desorbed ions (IED) was determined using a retarding po-
tential technique, similar to that described by Bozack
et al. ,

" in which a variable bias (Vz) is applied between
the sample and ground and the ion yield recorded versus
V~ at fixed E .

RESULTS AND DISCUSSIQN
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FIG. 1. LEED patterns for (a) (2X1), (b) (1X2), (c) c(2X2),
and (d) {1X1) single-domain p-SiC(0011 surfaces. Data were ob-
tained at a primary beam energy of 99 eV except for the (1 X 1)
which was obtained at 116eV.

A. LKKD patterns and Auger intensities

Figures 1—3 show LEEP and Auger data for various
surface phases. The clean SiC surface shows the single-
domain (2 X 1) LEED pattern and Si L VV and C KLL
line shapes discussed earlier. ' The I(C(268 eV) )/
I(Si(88 eV)) peak-to-peak height (PPH) ratio is about
0.27, as before. ' Figure 4 shows the I(C)/I(Si) PPH ratio
versus CzH4 exposure at 1100'C, labeled to indicate the
ranges within which various LEED patterns are ob-
served.

Stepwise exposure to CzH4 at 1100'C leads to a steady
increase in C coverage which reaches quasisaturation at
about 70 L with an I(C)/I(Si) PPH ratio =0.82. The
original (2X 1) LEED pattern (Fig. 1) is first replaced by
a (1X2) pattern with weak and difFuse fractional-order
spots. At about 50 L [I(C)/I(Si) PPH ratio =0.64], this
pattern begins giving way to a c(2X2) structure. There
are subtle changes in the Si LVV and C KLL line shapes,
relative to the clean (2X 1) surface, and the main Si peak
shifts from 88 to 85 eV for the c(2X2). The (1X2) sur-
face shows evidence of both the shifted and unshifted
peaks. Heating the c (2 X 2) surface at 1200'C—1250 C in
UHV for a few minutes causes a return of the weak
(1 X 2) LEED pattern with no change (i.e., less than a few
percent) in the I(C)/I(Si) PPH ratio. The (1 X 2)
fractional-order LEED spots are never as sharp or bright
as those of the (2X1) and c(2X2) surfaces. Below the
c (2 X 2)~( I X 2) conversion temperature, the c (2 X 2)
structure is quite stable in that the LEED pattern can be
seen with the sample maintained as high as 1000 C. This
is facilitated by the high /3-SiC Debye temperature
[OD--1000'C (Ref. 12)]. Above this temperature, the
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For exposures of up to 200 L, no change in LEED pat-
tern was observed, and the I(C)/I(Si) Auger ratio
remained constant to within 10%. Although the mean-
ing of this null result is not clear at present, it is con-
sistent with previous data for the exposure of SiC(001) to
02. These show a much slower initial rate of 0 uptake
for the (3 X 2) surface which was tentatively interpreted in
terms of a stronger Si-Si dimer interaction than on the
(2 X 1) surface.

Reaction of the (2 X 1) surface with CH4 is much
slower than with C2H4. A series of CH4 exposures at
1100'C, up to a total of 500 L, led to a gradual increase
in the I(C)/I(Si) PPH ratio by only about 40% (cf. Fig. 4).
A clear (2 X 1) LEED pattern remained; however, beam
intensities versus E were not recorded, so it is unknown
whether the resulting structure differs from that of the
clean surface.

B. Auger line shapes

The 3-eV shift to lower energy of the main Si L2 3 VV
peak (Fig. 2) can be understood in terms of changes in the
valence-band density of states (VB DOS) as revealed in
photoemission spectra. For elemental Si, the VB DOS
can be separated into mainly 3s and mainly 3p com-
ponents and the L2 3 VV spectrum' represented as a self-
convolution of the form (s +p) e (s+p), weighted by ma-
trix elements appropriate to the different two-hole final
states s e s, s op, and p op (where e indicates the convolu-
tion operation). The matrix element is largest, and the
DOS greatest, for p op which gives rise to the strong neg-
ative maximum at 88 eV in d [EN(E)]/dE. This final
state places both holes mainly in Si 3p orbitals in the
DOS peak near the VB maximum; hence, a shift of 5E to
higher binding energy on the part of this peak will be
refiected in the Si Lz 3 VV spectrum as a shift of 2(5E) to
lower kinetic energy, assuming a constant final-state
hole-hole interaction. ' Photoemission data indeed show
a shift of about 2 eV to higher binding energy for the VB
DOS peak on going from the (2X 1) to the c (2 X 2) sur-
face. Furthermore, close inspection of the weak Si
L,L2 3 V peak near 40 eV (Fig. 2) also reveals a small shift
to lower energy on going from (2 X 1) to c (2 X2).

The C KLL spectrum for the c(2X2) surface (Fig. 3)
shows a weak shoulder, on the high-energy side of the
main peak, at about 272 eV. This feature is also seen for
the (1X2) surface (not shown) and for the (1X1)but not
the (2X1). Growth of a similar structure has been ob-
served during the thermal desorption of H from amor-
phous carbon films. ' We interpret this feature in terms
of an Auger transition in which one of the two electrons
involved in the core hole decay is derived from a C
dangling-bond orbital. Other data (see below) will pro-
vide independent evidence of the occurrence of C dan-
gling bonds on the c(2X2) surface. It is unclear at
present whether this dangling bond orbital is occupied in
the electronic ground state or becomes occupied as a re-
sult of a resonant C 1s excitation (the "ke-v" Auger pro-
cess described by Ramaker' ). However, the absence of
band-gap states in the c(2X2) photoemission spectrum
argues against the former. Comparison of x-ray- and

electron-excited C ALL line shapes would be usefu1 in
clarifying this point. '

C. EI.S

Figure 5 shows the surface-sensitive ELS data for
plasmon and valence excitations, and Figs. 6 and 7 give
corresponding results for C 1s and Si 2p excitations, re-
spectively.

1. Valence and plasmon excitation

2. C 1s exci tation

Significant differences in the C 1s ELS are seen for the
various surface phases (Fig. 6). Similar data have been
obtained previously for different forms of pure C using
ELS (Refs. 17—19) and soft x-ray absorption. ' ' The
shape of the (2X1) ELS resembles that of diamond, ' '
with a broad peak at about 285 eV and a weaker feature
near 300 eV, indicating O.-bonded sp -hybridized C. The
transition energies for SiC are about 5 eV lower than for
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FIG. 5. ELS results in the region of plasmon and valence ex-
citations for the (2X1), (1X2), c(2X2), and (1X1) surfaces.
The primary beam energy was 96 eV and the resolution 0.7 eV.
The relative magnitudes of different spectra are not quantita-
tive. The loss energies quoted in the text refer to inAection

points in the first-derivative spectra.

The low-energy loss spectrum (Fig. 5) for the (2X1)
surface is in good agreement with previous results. ' Ex-
posure to C2H4 to form the (1 X2) surface has an effect on
the (2 X 1) similar to that of the initial adsorption of oxy-
gen. The surface state transitions at about 2 eV (in this
case a poorly resolved shoulder) and at about 5 eV are
eliminated. In addition the peak at about 12 eV is at-
tenuated. The (1X 1) spectrum shows a pronounced peak
at about 7 eV characteristic' ' of the m plasmon excita-
tion in graphite.
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diamond, ' ' reilecting the smaller bandgap of SiC (2.4
versus 5.5 eV) and the approximately 1.4-eV smaller C ls
binding energy. As in the case of diamond, ' other
structure is observed between the two main loss peaks;
however, these features are very weak and not entirely
reproducible. At the other extreme, the (1 X 1) surface
shows relatively sharp peaks at 285.5 and 292.0 eV.
Peaks at these same energies are found' ' for graphite

and glassy C where they are assigned to C 1s ~m' and C
is ~o * transitions, respectively. Note that the (1 X 1)
spectrum, unlike that of the c(2X2), shows no evidence
of the 285- and 300-eV bands seen for the (2X 1) surface,
even though the adsorbed C coverage is not much higher
than for the c(2X2) (Fig. 4). This suggests that the sub-
strate Si-C backbonds are substantially afFected by the
formation of the (1 X 1) phase.

For the (1 X 2) surface, a sharp peak resembling the
graphite sr* (but no feature similar to the o *) appears at
281.5 eV superimposed on the original (2X 1) loss struc-
ture. On forming the c(2X2), this peak becomes more
intense and syrnrnetric. These results indicate a second
form of carbon coexisting with that originally present.
The growth of this loss peak parallels that of similar
structures, during thermal desorption of H, in the dia-
mond (111)ELS (Ref. 19) (at 284 eV) and in the near-edge
absorption spectrum of amorphous C (at 283.5 eV). H
desorption in these materials' ' leads to threefold-
coordinated C sites, and H etfects on the c (2X2) surface
will be discussed below. Spectra of the c(2X2) surface
recorded at sample temperatures as high as 1100 C con-
tinue to show this sharp loss peak, indicating a high de-
gree of thermal stability for the adsorbed C structure.

The C ls ELS data, together with the high-energy C
EI.I. satellite discussed above, suggest the presence of C
dangling bonds on the c(2X2) surface. If the (1X1)
spectrum in Fig. 6 is taken as characteristic of sp-
hybridized and ~-bonded C, then the c (2 X 2) spectrum
implies C which is not fourfold coordinated but not vr-

bonded either.
For SiC(001)—(2X1), a bulk C ls binding energy of

282.7 eV below E~ was reported, using Mg Ka excita-
tion, for n-type samples similar to those employed in the
present study. This is about 1.2 eV greater than the
281.5-eV loss energy of the sharp c(2X2) peak. Tl is
discrepancy can be explained largely in terms of an
initial-state effect if the ELS transition involves a C dan-
gling bond. For clean diamond (111), highly surface-
sensitive photoemission spectra "' show a C 1s level
shifted about 0.85 eV to lower binding energy relative to
that of the bulk C. Since this feature is removed by H ad-
sorption, the shift almost certainly arises from the pres-
ence of sp dangling bonds on the clean surface. Similar
photoemission data with the required resolution and sur-
face sensitivity are not yet available for SiC. The remain-
ing =0.35 eV required to place the ELS final state at or
above EF could be derived from a finite C 1s exciton
binding energy (reported to be 0.19 eV for diamond)
and/or from a further shift of the adsorbed C is relative
to that of the substrate C.

)P5 'l 15 'l25

LOSS ENERGY (eV)

95

FIG. 7. ELS for Si 2p excitation for the (2X1) and c{2X2)
surfaces. The primary beam energy was 240 eV and the resolu-
tion 0.8 eV.

3. Si 2p excitation

Si 2p ELS data for the (2X 1) and c (2X2) surfaces are
shown in Fig. 7. The results agree with those of Dayan
obtained at somewhat lower resolution. The SiC(001)-
(2X 1) Si 2p binding energy is 99.9 eV below Ez (for n

type samples similar to those used here). Hence, the ma-
jor loss peak at about 101.5 eV corresponds to a final
state just above the bottom of the conduction band,
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mer pairing. While the existence of such a dangling-bond
interaction cannot be ruled out, it is clearly not the major
effect stabilizing the c (2 X 2) structure. The small change
in I-V characteristics with H adsorption, however, fur-
ther suggests that H induces some relaxation of the dis-
tances and/or angles of these chemical bonds.

K. ESD

Figure 10 shows ESD results for the c (2X2)H surface.
In addition to H+, ions were detected at masses 16 (0+)
and 19 (F ). A very weak signal was also observed at
mass 17 ( OH), but no other species were seen. The
presence of 0+ and F+, even though neither was detect-
ed in Auger spectra, parallels earlier ESD results for a-
SiC (Ref. 10) and Si(001) (Ref. 11). Most ion signals were
eliminated by a few volts negative bias on the sample, in-
dicating that the ESD arises from the sample and not
from scattered electrons striking metals parts at the en-
trance to the mass spectrometer. However, for E well
above threshold, this process was found to yield a
significant spurious H+ signal which persisted after
thermal desorption of H from the sample.

The threshold electron energy for H+ ESD was 22+1
eV, in good agreement with the value of 21+1 eV for
both the Si- and C-terminated a-SiC(0001) surfaces. '

The 0+ threshold was 35+1 eV versus 33+1 eV for the
a-SiC C face. However, the F+ threshold of 30 eV was
about 6 eV higher than for C-terminated o,-SiC. The H+
IED peaks near Vz =0 (uncorrected for the difference be-
tween the vacuum levels of the sample and mass spec-
trometer). As a check, IED's were also measured for 0+
and F+ (not shown). Q and F are more electronegative
than H, i.e., more negatively charged in the electronic
ground state. Hence, a more energetic "Coulomb explo-
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FIG. 10. ESD data (H+ ion yield vs electron energy, refer-
enced to the Fermi level) for the H-exposed c {2 X 2) surface

[ "c(2X2)H"]. The desorption threshold of 22 eV is indicated.
The inset shows the H kinetic-energy distribution for an in-
cident electron energy of 55 eV. V~ is the sample bias with
respect to ground (see text), and the quantity plotted is the
derivative of the ion yield, Y(H+), with respect to V~. More en-
ergetic ions correspond to more negative values of V~.

sion" should result when electronic excitation "suddenly"
(i.e., nonadiabatically) converts these species to positive
ions. In agreement with this simple argument, the O+
and F+ IED's peak at V& = —5.2 and —1.8 V, respec-
tively. The meaning of an H+ IED extending up to
Vz = +3 V ("negative kinetic energy") is that the
vacuum-level cutoII' of the spectrometer lies higher than
that of the sample. Arbitrarily shifting the IED by —3 V
would place the peak at about —2.5 V, in good agree-
ment with H+ energies (=2—3 eV) observed for
H/Si(001) (Ref. 30), solid (CH3)4C (Ref. 31) and
H/GaAs(001) (Ref. 32).

The H+ desorption threshold of 22 eV suggests that
the H is adsorbed on saturated C sites (i.e., sp - as op-
posed to sp -hybridized C). H thresholds of =23—25
eV are observed for molecules such as (CH3)4C and
(CH3)4Si in the condensed phase, whereas C6H6 gives
an H+ onset at about 29 eV. However, there are
insufhcient H+ ESD data for other condensed unsaturat-
ed hydrocarbons to permit complete confidence in this in-
terpretation of the threshold energy. Before exposure of
the c (2 X 2) surfaces to H, the H+ ESD was barely above
the noise level. This indicates that, given the high SiC
temperatures (=1100'C) during C2H4 exposure, no H
remains on the surface. This is consistent with data for
CzH4 adsorbed on Si(111) (Ref. 34) or Si(001) (Ref. 35)
which show that dehydrogenation is complete by about
500 'C.

F. The thermally generated c ( 2 X 2) surface

Although the work described above has focused pri-
marily on C adsorption on the Si-terminated surface,
some results were also obtained for the thermally gen-
erated c(2X2) structure formed by annealing the (2X1)
surface in UHV for several minutes at about 1250 C.
Most significant is the fact that the C ls ELS (not shown)
closely resembles that for the CzH4-derived c(2X2) in
Fig. 6 with, in some cases, superimposed weak graphitic
features corresponding to the (1X 1) structure. As noted
above, formation of the c (2 X 2) surface by thermal
desorption of Si is generally accompanied by production
of some graphitic C. The fractional-order spots in the
thermal c(2 X 2) are generally less sharp and bright than
those for the CzH4-derived c(2X2) and the I(C)/I(Si)
PPH ratio more variable. A series of atomic H experi-
ments, similar to those discussed above, were performed
for the thermal c (2 X 2). The results were in all respects
essentially identical to those shown in Figs. 8 and 9.

These observations suggest that the structure and
chemical bonding are the same in either case but that the
C2H4-derived c (2 X 2) is more homogeneous (i.e.,
graphite-free) and the ordering more nearly complete.

G. Model for high-temperature C&H& adsorption

The data discussed above are all consistent with a C2H4
reaction which leaves the C—C o. bond intact while
forming Si—C o. bonds between the Si termination
layer of the substrate and the adsorbed C. For the pur-
pose of the present discussion these will be termed
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FIG. 11. Schematic diagram of diff'ereut P-SiC(001) surface
structures. The clean (2X1) surface is shown with the under-
layer C atoms in the bulk lattice positions and the surface Si
atoms displaced to form dimer pairs. For the c(2X2) and
(1X2) surfaces, Si atoms are shown in the bulk lattice positions
with the adsorbed C forming bridges (underlayer C atoms not
shown). The dashed lines show the unit cells, with that for
c(2X2) being nonprimitive. Atom sizes and distances are not
to scale. Also shown is the proposed structure for a C-dimer
bridge. The ellipsoids represent the C sp dangling bonds on
the H-free surface. The c(2X2) and (1X2) diagrams also indi-
cate the orientation of the bridging bonds with respect to the
surface Si atoms.

~C—C~ bridges. " The C hybridization in this mod-
el is sp which leaves one dangling bond per adsorbed C.
All Si atoms are fully fourfold coordinated in this struc-
ture. For the thermally generated c(2X2), the proposed
structure would arise naturally when Si is desorbed from
the (2X1) termination layer and the remaining C atoms
form O.-bonded pairs to eliminate one of the two dangling
bonds per C.

Figure 11 shows a model for the c(2X2) surface in
which )C—C( bridges form between alternating
pairs of surface Si atoms in staggered rows, giving a C
coverage equivalent to one monolayer. The (1X2) struc-
ture which is formed, with no change in C coverage, by
annealing the c (2 X 2) surface in UHV requires a
different arrangement. The c (2 X 2)~ (1 X 2) transfor-
mation could occur by "unstag gering'" the rows of
bridges, as indicated in Fig. 11. The (1X2) structure also
occurs (Figs. 1 and 4), prior to the onset of the c(2X2)
phase, with increasing C2H4 exposure. As noted above,
the (1X2) fractional-order spots are always weak and
difFuse in contrast to those for (2X1) and c(2X2). This
suggests that the (1X2) ordering is unstable and confined
to relatively small areas of the surface. The proposed
c(2X2) structure resembles the staggered-dimer model
suggested by Dayan, ' except that Dayan assumed Si
termination for this surface. However, more recent

work, ' together with the present results, indicates C ter-
rnination.

The proposed model is different from the di-a struc-
ture suggested ' on the basis of LEED and vibrational
electron-energy-loss spectroscopy for C2H4 adsorption on
Si(001) and Si(111) at low temperature. In that model,—CH2—CH2—units form the bridges. The Si(001)-
(2X 1) LEED symmetry is unaffected by C2H4 chemisorp-
tion, indicating that the bridges take the place of the di-
mer pairing on the clean surface. [Interestingly, one
group has studied the low-temperature adsorption of
CzH4 on cleaved Si(111)-(2X 1) surfaces and found evi-
dence for a vr-donor —m*-acceptor complex with a weak-
ened H2C= CH2 bond. ] The results described above for
adsorption of atomic H on the SiC c (2X2) surface indi-
cate that the analogous species, a ~~CH—CH~ bridge,
can also be formed. This is shown by the complete, but
thermally reversible, removal of the C dangling-bond
features from the C 1s ELS and C KI.I. AES.

It is useful to estimate bond angles for the proposed
bridge structure as a qualitative indicator of strain. For
SiC(001), the Si-Si nearest-neighbor distance on the un-

0
reconstructed surface is 3.08 A. We assume a surface
Si—C bond length equal to the bulk value of 1.89 A and a
C-C distance of 1.54 A (as in a typical saturated hydro-
carbon). The computed Si-C-C and Si-C-Si angles are
114' and 109, respectively, versus the ideal sp value of
109.5 . Thus, the bridges can apparently form without a
high degree of strain in the outermost layer. However,
the structure as drawn in Fig. 11 does imply a torsion of
the plane defined by the two Si-C backbonds at a given Si
site relative to the plane of the two Si-C adsorbate bonds.

We have also considered several alternative structures.
Leaving the C2H4 double bond intact while forming a
bridge like that in Fig. 11 (i.e., )C=C~ ) would lead
to a highly strained structure since the sp hybridization
of the C would require the bridge to lie nearly within the
SiC surface plane. Si—C=C—Si bridges could replace
dimer pairs on the clean (2X1) surface without severe
bond-angle strain or the torsion required for the stag-
gered dimer model in Fig. 11. However, the ELS data
show evidence of a dangling C bond but not of the addi-
tional presence of either the C=C double bond or the
one dangling bond per Si atom required in a c(2X2)
structure based on such bridges at an adsorbed C cover-
age of one monolayer. Previous data for the initial oxi-
dation at room temperature of SiC(001)-(3X2), -(2X1),
and -c (2 X 2) surfaces are also significant in this context.
These results show that the process is dominated by for-
mation of Si-0-Si bridges and that the c(2X2) is practi-
cally inert in comparison to the Si-terminated surfaces.
This is further indirect evidence of the absence of reactive
Si sites (i.e, dangling bonds) on the c (2 X 2) surface.

A Si-C-C-Si bridge, analogous to the di-o. bridge de-
scribed above in connection with CzH4 on Si(001), is un-
likely. The structure formed at 1100 C is H-free and
would, therefore, have an energetically unfavorable two
dangling bonds per C with no apparent mechanism for
pairing such bonds on different bridges. Finally, com-
plete dissociation of the ethylene molecule to form Si-C-
Si bridges is considered unlikely, again, because of the
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two unpaired dangling bonds per C. Furthermore, such a
structure should form easily during high-temperature ex-
posure to CH4 which is, in fact, found to be much less
reactive than C2H4 under these conditions. Again, a
c(2X2) structure based on either Si—C—C—Si or
Si—C—Si bridges and an adsorbed carbon coverage of
one monolayer would imply one dangling bond per Si
atom in the outermost Si layer.

At this point we call attention to recent work by
Powers et al. on LEED I-V analysis of the thermal and
ethylene-derived c (2 X 2) structures. These authors con-
sider several different models (including the ~C—C~&

bridge) and find that the Si—C=C—Si structure is most
nearly consistent with LEED results. Although the data
obtained in the present work (particularly the evidence
for the absence of Si dangling bonds) are in better agree-
ment with a model based on ~C—C& bridges, it is not
possible at present to decide with complete confidence be-
tween the two models. Other techniques giving structur-
al information more directly could be applied here. Vi-
brational electron energy loss spectroscopy could distin-
guish between C—C and C=C bonds and could eluci-
date the C-H bonding on the H-saturated surface. H+
electron stimulated desorption ion angular distribution
(ESDIAD) data could indicate the direction of the C-
H bonds on the c(2X2)H surface with respect to the
single-domain (2X 1) unit cell of the clean surface. Note
the orientation of the Cz pairs in Fig. 11. If a c(2X2)
structure were formed by replacing Si-Si dimer pairs on
the (2X 1) surface with staggered rows of Si—C=C—Si
bridges, then the C—H bonds in the derived c(2X2)H
structure would lie in a plane at 90' with respect to those
derived from the structure in Fig. 11.

Finally, we note that Matsunami et al. have recently
reported results for alternating exposures of P-SiC(001) to
disilane (SizH6) and to acetylene (CzH2) under conditions
of temperature and pressure similar to those used here.
Beginning with the (1X 1) surface, reaction with Si2H6
leads first to the (2 X 1) structure, then to the (3 X2). Sub-
sequent exposure to C2H2 reverses this sequence. Evi-
dently C2Hz and CzH4 behave very differently in that the
former reacts with the (3X2) surface but does not pro-
duce a c(2X2) structure. Together, the present results
and those in Ref. 40 indicate that two forms of C-
terminated P-SiC(001) can be formed in a controlled
manner by C adsorption. A "carbidic" c (2 X 2) structure
can be prepared by reaction of the (2X1) surface with
CzH4. A "graphitic" (1 X 1) structure can be prepared by
reaction of the (2 X 1) or (3 X2) surface with CzH2.

SUMMARY AND CONCLUSIONS

The formation of C-terminated P-SiC surfaces by the
high-temperature reaction of C2H4 with SiC(001)-(2X1)

surface has been studied with the following results.
(i) An exposure of about 50—70 L leads to a c (2 X 2) or-

dered monolayer of adsorbed C. Further C uptake is
very slow.

(ii) Much larger exposures (& 10 L) lead to a "graph-
itelike" (1 X 1) phase, recognizable by characteristic
features in the C ELL Auger and in the valence and C 1s
energy loss spectra.

(iii) Prolonged annealing of the c(2X2) at high tem-
perature in UHV produces a poorly ordered (1 X 2)
phase. The same phase also forms for small exposures
( = 10—40 L) of the initial (2 X 1) surface to C2H4.

(iv) The c (2 X 2) surface exhibits features in the C KLL
Auger and C 1s energy-loss spectra which are associated
with dangling C orbitals. These are removed by H ad-
sorption and restored by thermal desorption of H. The
H-saturated surface continues to exhibit a c (2X2) LEED
pattern with, however, I - V characteristics somewhat
different from those of the H-free surface. None of the
data give any indication of dangling Si bonds on the
c(2X2) surface.

(v) The SiC(001)-(3X 2)Si ("excess-Si") surface is essen-
tially inert to C2H4 under these conditions, and the
SiC(001)-(2X 1) surface reacts only slowly with CH4
versus CzH4.

(vi) The c (2 X 2) surfaces formed by thermal desorp-
tion of Si from, and by reaction of C2H4 with, SiC(001)-
(2X1) appear to be the same except that the latter is
more uniform and well ordered.

(vii) A model for the c (2 X 2) carbon monolayer
has been proposed which involves staggered rows of
~C—C~ units with sp -hybridized C atoms. Each
carbon atom bridges two surface Si atoms, and each C
has a single dangling bond on the H-free surface. All Si
atoms in the outermost Si layer are fully fourfold coordi-
nated.

iiiote added in proof. Since the submission of this work,
two relevant papers have appeared. Ohshita ' has per-
formed ab initio molecular orbital calculations for ad-
sorption of methylene (:CH2) on SiC(001) and finds that
the hollow bridge site between two Si atoms is energeti-
cally favored. Steffen et a/. have discussed the origin of
the high-energy C ALL Auger satellite in ion-bombarded
graphite in relation to defect formation.
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