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Structural characterization of submonolayer C/Al(111)
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Abstract

We report on the adsorption of atomi: C in submonelayer coverages on the Al{111) surface. The local order at the surface s
studied for different thermal trestments by mesns of [ull-heimispherical X-ray photoelectron difiraction. Deposition al roam
ternperature results in disordered C adsorption while an ordering process takes place after annealing above 475 K. We depict the
structure of the annealed C-rich phuse. The Cls diffraction paiterns are interpreted by comparison with single scatiering cluster
calcuiations. The results are discussed with respect to both previous theoretical and experimental work.
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1. Intreduction

In the past. adsorption of light atoms on metal
surfaces has received wide attention because of
being involved in several processes such as cataly-
sis, corrosion, oxidation and thin film growth.
Despite the attention paid to alkali atom-, water-
and oxygen-adsorption on Al surfaces [1-5], the
literature on C adsorption is very scarce. A theoret-
ical study [6) describes, in an equivalent way, C
and O adsorption on Al{100} with both atoms
strongly bound to a four-fold site above the Al
surface plane. In another theoretical study [7]
it is found that for Q/AI(111} the O atoms are
adsorbed in the three-fold site 0.60+0.10 A above
the surface and no indication is given for preferred
hep or fee site occupation. A scanning tunneling
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microscopy (STM) study [8] performed on resid-
ual C atoms on an Al(111) surface, shows that C
is located in the hcp three-fold site. From this
experimental study it is not possible to establish
whether or not the C atoms diffuse into the sub-
strate and if the apparent displacement of the Al
atoms around an adsorbed C atom is real or due
to a local varation of the electronic density of
states induced by the bonding configuration.

Recently, a density functional theory study 9]
reports on two mnearly degenerate subsurface
adsorption sites: a six-fold coordination site half-
way between the first and second Al layer and &
slightly distorted tetrahedral site 0.2 A below the
unrelaxed Al surface. The tetrahedral sites can be
preferentially populated because they have no
access potential barrier. In thermodynamic equilib-
rium the two sites can be nearly equally populated
becanse of the small difference in energy.

Here we study the C/Al{111) system using
full-hemispherical X-ray photoelectron diffraction



{ XPD) which is a well-established, surface-sensi-
tive structural tool {10]. Following the angular
intensity distribution of the Cls photoemission
line, we are able o investigate the local order
around the C atoms. At the electron kinetic energy
of the C |s emission line (£, =970 ¢V) the photo-
electron scattering process is dominated by the
Jorward focusing effect, i.e. the photoelectron emit-
ted from an atom is focused by its neighbors in
forward directions [ 10]. The angular photoeleciron
intensity tmaps then show maxima in correspon-
dence with the high symmetry directions where
intensity is enhanced by close packed atomic rows
[10-12].

In the present study the dependence on the
diffusion of C on coverage and sample annealing
temperature is investigated. The diffraction pat-
terns are discussed using single scattering cluster
(S8C) calculations [13,14]. Several structures of
the C/AI(111) surface are tested. The comparison
of the calculated patterns with the experiment
shows that C atoms are embedded in a three-
dimensional ordered C phase formed by annealing
a C submonolayer deposited at room temperature
{(RT). The local structure of the C atoms is
compatible with 4 zincblende environment in regis-
iry with the substrate. We suggest that surface
diffusion and C-Al clustering are the main mecha-
nisms for the formation of this strusture. Results
are compared with both. previous theoretical pre-
dictions and experiments,

2. Experimental

The deposition and analysis system is based on
a modified Vacuum Generator ESCALAB Mk 11
spectrometer [13,16] with a base pressure of
2% 107" mbar, equipped with a three chunneltron
hemispherical electron energy analyzer, a Mg Kz
and Si Kz twin anode X-ray source, a quadrupole
mass spectrometer and a low energy electron
diffraction {LEED) system.The angle between
X-ray source and analyzer is 54°.

During analysis the sample is mounted on an
Xxyz manipulator with (wo rotational axes.
Rotations are motoirized and computer controlled
such that the photoelectron emission angles 0

{polar angle, with respect to the normal) and ¢
{azimuthal angle) can be swept over the whole
hemisphere above the sample and a series of
spectra can be recorded automatically on a pre-
determined set of angles (#, ¢). The ¢ =0° azimuth
corresponds to the [112] direction of the Al{111)
surface. The experimental procedure consists of
the acquisition of the Mg Ku excited Cls and
Al 2p X-ray photoelectron intensity for each (8, ¢)
setting. Data acquisition starts at #="78" and stops
at #=0°, The azimuthal step size at any polar
angle is chosen so that the sampling density in
solid angle is uniform. Up to 3000 measuring
points are recorded with a total energy resolution
of 1.4 eV. The intensity maps, I(f,¢), are stereo-
graphically projected using a linear gray scale
representation. Normal emission appears in the
center while grazing emission is plotted towards
the border, The sample temperature was monitored
using a thermocouple in contact with the surface.

The sample was cleaned by cycles of Ar™* sput-
tering (1.5-0.5keV) of the hot sample (575K)
and subsequent annealing to 700 K. Al{111} sur-
face cleanness and order were checked by X-ray
photoelectron spectroscopy and LEED, respec-
tively. In particular, no C and O contamination
was detected after this cleaning procedure.

 was deposited by direct resistive heating of a
C thin strip {Goodfellow, 99.8%) while the source
body was liquid-nitrogen cooled. The typical resid-
ual gas pressure during the evaporation was lower
than 2x107% mbar. The C evaporation rate was
measured by a quartz-balance placed beside the
sample surface.

X-ray photoelectron spectra of the deposited C
films showed very low contamination consisting
mainly of O (<0.04 ML),

3. Results

Typical C1s emission spectra from submono-
layer C films that are deposited at RT and annealed
at different temperatures are shown in Fig. I.
Bpectra were acquired with a total energy reso-
lution of 0.9eV. The two components, elearly
present at RT, are centered at 284.1eV and
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Fig. 1. X-ray photoeketron spectra of C 15 emission line (using
MWz K« radiation) obtained for submonolayer C films on
AlULITY deposited ut RT and after annealing at different wem-
peratures. The polar angle between Lhe analyzer entrance slits
and the surface normal direction is H,,=70°. Twa wvertical
dotted lines are traced as ¢ guide to the eye and mark the
position of the C 15 components,

281.9 eV binding energy, respectively. The higher
binding energy component practically disappears
under annealing und only a small shoulder remaing
at 6835 K. We are not able to attribute each compo-
nent to an exact C atom chemical environment.
Nevertheless, the existence of a clear splitting of
the Cls peak indicates that after RT deposition
two species are present at the surface, ie. two
different chemical bondings of C, while only one
of them remains upon annealing a1 temperatures
above 475 K. We are then in the presence of a
thermally activated process that is correlated with
major structural changes, as we will show in the
following.

We performed our investigations on submono-
layer films for which the normal emission intensity
ratio Ip, /), is ranging between 0.03 and 0.15.
If we consider a C density and a C-C nearest
neighbor distance similar to the one for diamond,
the corresponding coverage ranges from 0.05 to
021 MIE

! The coverages are calculated assuming all the C atoms
within the top surface layer. This i3 justified by the Gnding that
no diffusion towards the bull takes place upon deposition at
RT.

A first structural investigation is performed by
LEED (not shown) after deposition at RT and
after annealing. Apart from the AI(11I1) surface
diffraction spots, we do not find any extra feature
in the patterns except that the background
intensity is higher, Thus, a certain amount of
long-range disorder characterizes the C/AI(111}
surface. However, previous theoretical [9] and
experimental [3] studies point 1o a locally ordered
C atom adsorption, as we will discuss below.

From the Cls XPD patterns of C deposited at
RT (not shown) we find that no local order is
present dround the C atoms. In fact, all the pat-
terns acquired at different coverages are dominated
by & smooth polar-angle dependence of the inten-
sities and there are no typical diffraction features
indicating a C enviromnent which is equally
ordered with respect to the Al substrate. We deduce
that for RT deposition neither of the two kinds of
C atoms which coexist on the surface in similar
quantities {Fig. 1), exhibit local ordering with
respect to the substrate.

In Fig. 2 we show the C1s XPD patterns for C
films deposited at RT and annealed at 375 K {a).
475K (b) and 685K (c). A smooth background
is removed from the patterns in order to enhance
the contrast of the diffraction features. Fur-
thermore, we performed a three-fold averaging
of the data according to the symmetry of the
system. As a reference for the substrate directions,
the Al2p XPD pattern is shown in Fig. 2d. In all
the Cls NPD patterns we find intensity maxima
along various directions going from grazing to
normal emission. In particular, as marked in
Fig. 2e, we find maxima at #1=72° (A) and §=38"
(B) in the ¢ =0° azimuth and at #=81° (C), fi=
54° {D) and a broad maximum between §=21°
and ¢ =40" { E } in the ¢ = 60" azimuth. A maximum
{F) is also present along the normal. Increasing
the annealing temperature and carbon coverage,
the contrast of these structures becomes higher but
no new features appear.

Because of the forward focusing of the Cls
photoelecirons, the presence of maxima indicates
lacal order around the C atoms [10]. Furthermore,
the maxima near the surface normal point to C
atom diffusion or to the formation of 4 bulk-like
structure {ie. the C emitters are burried below
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Fig. 2. XPD patterns of the C s signal fut 9716 eV kinetic energy) obtained for submonelaver © films deposited at RT on AL(111)
obtaining the indicated ratio between the C Is und the Al2p photoemission intensity and after annealing at (a) T=375 K, (b) T=
413K, 1e) T=685 K. In (d| we show the intensity distribution pattern of Al2p photoelectrons (at 1181 eV kinetic energy). Small
open circles indicate the [F13] direction of the AlL1LT) surface, considerad as the 8 =0° azimuth, A smooth background is removed
from the parterns and the durs are thre-fold sveraged (see ext), Anizotropy values (%) are indicated by 4 in each pattern.

other atoms). In fact. if the photoelectrons are
coming from C atoms embedded in between the
first and the second Al layer, the intensity maxima
should oceur at rather grazing emission. On the
other hand, if the C emitter atom is located below
the second laver, intensity maxima appear also
close 1o the normal emission direction.

This observation links well with the observed

polar dependence of the azimuthally averaged
photoelectron intensity: if we average the Cls
intensity in a diffractogram over all azimuthal
angles and plot it versus the polar angle, we abtain
two different slopes below and above an annealing
temperature of 475 K. In Fig. 3 we show the curves
obtained for a film which was deposited at RT
and subsequently annealed at 685 K. In the first
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Fig. 3. Azimuthally-gveraged C 13 intensity versus pelar-angle
for C/AI(111) a5 deposited (solid line) and annealed a1 655 K
{dotted line).

case the curve increases quite rapidly with polar
angle while for the annealed sample the increasing
rate is much lower (this behavior 15 not seen in
the diffractograms in Fig. 2 because, there, the
smooth dependence on the polar angle is removed
to enhance contrast). In a recent work [17)% it is
shown how to link the intensity profile with the C
atom depth-distribution in the surface layer: a
steeper curve is an indication that the C atoms are
in average closer to the surface while a fatter
curve indicates that the C atoms are diffused into
the bulk. By using the simplified model shown in
Ref. [17] it is possible to relate the emitted intensity
of C species with the near surface depth range for
C etnission. Thus we ate able to find (by means
of a fitting procedure of the curves in Fig. 3)
maximum depth values of 0.5 A and 1.7 A for RT

< An intuitive explanation of this effect is given by the [ac
thit when the C atoms ditfuse towards the bulk the C 5 signal
at grazing emission is lowered by inelastic proeesses which take
place before the surface is reached.

and the annealed film, respectively, The C atoms
in an annealed sample are confined to few layers
near the surface; in fact their diffusion into the
bulk would result in a nsgative curvature,

4. S5C calculations

In order to determine the structure of the
C/AL( 111} surfaces after annealing, we performed
a detailed study involving single scattering cluster
(SS5C) calculations and a reliability factor (R-
factor) analysis. The S55C model used for the
photoelectron diffraction calculations in this study
was introduced by Friedman and Fadley [13,14]
and we use it in a form that contains spherical-
wave scattering and the correct s—p anguolar
momentum final state in C s photoemission. The
partial-wave scattering phase shifis 4,, for scatier-
ing at C and at Al atoms are calculated by means
of an algorithm based on the muffin-tin approxi-
mation [18]. Attenuation of the photoelectron
wave amplitude is provided by an exponential
factor of the form exp[—//24 cos(f)], where 4 is
the inelastic mean free path of the photoelectrons,
# the emission angle and # the distance the photo-
electron travels before leaving the sorface.

To estimate the agreement between experimental
and calculated patterns, we performed an R-factor
analysis [1] based on the space of multipole
coefficients e, rather than emission angles ({1, ¢).
The multipole coefficients a,,, for the experimental
and the calculated diffraction patterns I(#, ¢) are:

1
g = — Jx‘.ﬂ *5'} }Tmi.'ﬂ! 'l” dq,
dx

where are Yi*,,, the complex conjugates of the spheri-
cal harmonics, and y({, ¢) is the oscillatory part
of the diffraction pattern obtained by normaliza-
tion with respect to the average intensity Jo{(1) for
each polar angle &

w6 @) =8, §)—Ta(0))/1(8).

The R-factor is then obtained by summing the
distance between the points in the complex plane
representing the experimental and theoretical
multipole coefficients a,, over all [ and m's
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We have carried out our calculations using a
value of [, =60, that is sufficient to reproduce
all fine structures present in the data.

The Cls diffraction patterns generated from
several clusters containing C and Al atoms are
examined starting from the theoretical prediction
by Furthmiller et al. [9] of the energetically
favoured sites for C atoms. In Fig. 4 we show the
simulated patterns for single atoms occupying
these sites. i.e. un “hep in” site. fourfold coordi-
nated with the C atom 0.1 A below the relaxed Al
surfuce plane and with a 0.28 A cutward relaxation
of the surrounding Al atoms { Fig. dali an “fec in”
site where the C atom is placed 0.05 A above the
surface layer with 4 0.24 A upward |and 028 4
outward refaxation of the nearest neighbor Al
atoms and a 0.14 A upward and 0.17 A outward
relaxation of the next nearest neighbor Al atoms
(Fig. 4b); an “fee on” site with the dtom placed
0.96 A above the surface plane and |the nearest
neighbor Al atoms moved 0.17 A upward: and
0.13 A outwards {Fig. 4c); an “feo sid™ site, six-
fold coordinated with the € atom hall-way
between the first and second laver (Fig 4d) and
with a negligible relaxation of the neighboring Al
atoms. Fig. de gives 4 sketch of the situation,

It is immediately clear that none of the patterns
(Figs. 4a-d) reproduces the experiment (Fig. 2).
In particular, the calculated pattern for the “foc
sub” adsorption site (Fig. 4d) shows a forward
focusing maximum marked 4" for =354 in the
p=0" azimuth and a broad maximum marked
for #=72" in the ! =60" azimuth which are clearly
not present in the experimental results,

The C atom positions used for the caleulations
presented in Fig. 4 are all rather close to the
surface topmost luver. As we already noted in the
previous section, the presence of intengity maxima
close to the normal is evidence for diffision of the
C atoms towards the bulk or, for a|C-Al bulk
compound formation. This idea is supported by
theory [9]. predicting only a smail Al lattice distor-
tion to accommodate 2 C atom and by the rela-
tively low potential barrier culculated for diffusion.

Therefore, a hypothesis would be to put an isplated
C atom in an Al cluster, placing it in either four-
fold coordinated sites or in six-fold ones over, say,
the first fouwr Al layers. Having isolated C atoms
no C-C scattering takes place. However, the SSC
patterns (not shown) created by such a procedure
have only a marginal refation with the experiment.

A second hypothesis may sugaest the formation
of clusters of the known Al,C, carbide. It has a
rhombohedral structure with hexagonal layers of
Al atoms interspersed with layers of C atoms in
regular stacking sequences [19] with a=b=c=
8.55A and 2=22°28". We performed SSC caleula-
tions using a AlLC, cluster containing 160 atoms,
with three Al layers and three C layers.

Fig. 5 shows the SSC pattern for the C ls emis-
sion from the ALC, cluster with its [111]-direction
aligned to the surface normal. Also in this case
agreement with the experiment is poor.

Following the idea of forming C-rich clusters,
we compared the XPD patterns of the annealed
film with those of C films deposited on 8i(001) by
chemical vapor depesition [20]. In Fig. 6 the Cls
pattern from a C/Si{001) film is projected along
the [111]-direction. The similarity with the pattern
ol Fig. 2¢ is quite surprising, Only minor discrep-
ancics are discernible; the three maxima labeled
“B" in Fig. 2c are more elongated for C/AL(111)
than for C/Si{100). In Ref [19] it is shown that
the existence of diamond nuclei embedded in a f-
SIC milien is at the origin of the pattern of Fig, 6
@iving us a hint towards a C-rich structure with
diamond or zincblende structure. In both of these
two kinds of structures C atoms are four-fold
coordinated and this is in agreement with the high
stability found by Furthmiller et al. [9] for tetrahe-
dral four-fold coordinated sites for C on Al(111).

At this point, three kinds of clusters were chosan
for the simulation of the C Is emission: two zine-
blende C-Al clusters with C and Al surface ter-
mination, respectively, and a diamond lattice
(zinchlende structure with only C scatierers). To
simulate the first situation we located C emitters
in a cluster with zincblende structure whose ([11}-
surface is parallel to the one of Al{111}. In two
separate calculations, we used clusters formed by
eight layers of atoms according to these sequences;
C-Al-C-Al-C-Al-C-Al and  Al-C-Al-C-
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Fig. 4. Simulated diffraction pavterns obzined from SSC caiculations for energetically favored configurations of a € slom adsorbed
on Al LI (afer Rel [5]): (a) “hep o7 site. with a four-fold coordinated € atom in the Al surfuce planes (b} “foe fn site” with the
C atom 0.1 A above the surface Tayer: (¢) “foe on™ site with the C aom an 0.96 A above the surfuce plane; (dy “Foc sub™ site with a
six-fold coordmated C atom half-way between first and second layer. The small circle indicates the [113] direction, considered as the
o =0" uzimuth. {e) sketch of different sites. Anisotropy values (95) are indicated by A in each pattern.

Al-C-Al-C, starting with a surface plane contain- in both cases we considered four C emitters, one
ing C atoms in one case and with a surface plane in each C layer. Successively we performed the
containing Al atoms in the other one, respectively; R-factor analysis, as described before, varying
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Fig. 5. 55C putiern caleulated for © s emission from an
ALC, clusier. The surfuce normal s aligned with the [111]
direction in the eluster. A smooth background is removed from
the patterns and the dam ere threefold averasged. The
anisotropy value is indicted by .
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Fig. & XPD pattern of the C |s signal abtained for o diamond-
like C film depaosited by plusmu enhanced chemicul vapor depos-
ition on Sit001) (for details see Ref, [20]). The original patiern
was projected along lh&[”l.]dimlil}n in arder 1w be directly
comparable with the pattern in Fig, 2. A smooth buckground
is removed from the patiern and the daa are three-fold
averaged. The small cirele indicates the [113) divection. consid-
ercd as the ¢ =0 azimuth, The anisotropy value is indicated
by A.

four parameters: the atomic mean square displace-
ment {u;», the intemal potential ¥, the electron
mean free path 4 and the lattice constant @y The
R-factor is very sensitive to the mean free path
and lattice constant variation and gives the best
fit for a C-terminated cluster corresponding to an
R-factor of 0.33. The optimized parametars are
1nd|r.:ated in Table I. The resulting C-Al distance
is 1.79 A which is 6% less than the minimal C—Al
distance in natural Al,C,.

S5C calculations for the emission from a dia-
mond structure were also compared with the exper-
imental results of Fig 2¢ through R-factor
analysis. We used a cluster with 168 atoms placed
on seven layers, each of them containing one C
emitter. The lattice constant was allowed to expand
in order to account for the possible Al content
(the C-Al distance in AlC; varies between 1.9
and 1.3 A while the C-C distance in diamond
is 1.57 A}.

In Fig. 7Ta we report the calculated pattern for
the best fit parameters for the expanded diamond
cluster. All the features of the experimental pattern
of Fig. 2c are reproduced in this pattern, with the
difference that the caleulation contains more fine
structure. In Fig. 7b we show R-factor values
versus the lattice constant. The best fit obtained
using this diamond-like cluster gives a site-to-site
distance of 1.93 A corresponding to an R-factor
of 11.29. The optimized parameters found in this
case are indicated in Table 1.

For the interpretation of the obtuined patterns
we have to point out that the scattering properties
of C and Al atoms are very similar in a diamond
lattice. [n fact, 4 similar SSC caleulation performed
for an Al cluster with diamond structure gives an
only 2% worse R-factor. The best fit parameters
are compatible with the following picture; the €
atoms are embedded in a zincblende structure
which might have no long-range site occupation
order (an Al-C zincblende cluster with all Al and
C atoms sitting on respective sites has a worse R-
factor). From our data. it 1s not possible to extract
the specific site occupation by C or Al atoms. The
nearest neighbor distanece in the bast-fit cluster is
equal to the distance between C and Al atoms in
the naturai carbide and it is smaller than the
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for the dismond steucture, marked with A/C and € superscripts, respectively. We indicate with <aj> the atomic mean square
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average value of the lattice constants of diamond
and Al (221 A).

5. Conclusions

The crystalline behavior of submonolayer C
quantities on an Al{111) surface are derived from
XPD measurements.

At RT, the C atoms are bound to the surface
in two different chemical environments, none of
them showing long or short rangs order. The 1wo
kinds of C atoms are present in similar quantities
as revealed from the C 1s line shape.

Upon annealing above 475 K, the higher binding
energy Cls componeni nearly disappears. While
no long-range order is recovered ( LEED patterns
show diffuse background intensity in addition to
the Al substrate spots) local order is established
as it is revealed from the XPD Cls patterns.
Moreover, the features presentin the XPD patlerns
closely resemble those of a three-dimensional struc-
ture in contrast to previous theoretical results
whose predictions point to subsurface adsorption
in hep or foe sites.

The interpretation of the XPD patterns is not
straightforward. C 1s 88C calculations for the sub-
surface adsorption of isolated C atoms as well as
for the natural AlC; rombohedral structure do
not reproduce the experimental results. Starling
from previous theoretical results [9] we built a
three-dimensional zincblende cluster which accom-
modates C and Al atoms by diffusion of the former
ones into the Al lattice. Caleulations performed
using this C-Al zincblende structure (in which C
occupies tetrahedral sites) show a certain similanty
with the measured patterns. The best agreement
between calculations and experiment 1s obtained

for a slightly relaxed C terminated zincblende
structure in which the {111}-planes are parallel to
the surface. The C-Al distance in the “expanded™
cluster is 1.79 A, 6% smaller than in the natural
Al.C, rhombohedral structure. A better R-factor
is obtained using an expanded diamond cluster,
i.e. with an expanded lattice parameter. The best-
fit nearest neighbor distance is similar to the one
of the natural carbids,

The C-Al cluster is in regisiry with the substrate
and covers only a small part of the whole AI{111)
surface since the investigated coverages is below
0.2 ML.

Qur results point to a thermally activated C-Al
nucleation process making the diffusion process
quite different from a simple C atom diffusion.
The C atom lateral diffusion on Al above 475K
has 10 be high enough to ensure the C-Al aggrega-
tion before inward bulk diffusion takes place.
Finally, the analysis of our data from annealed C
films excludes the presence of “‘surface™ carbon
and gives some hints towards two distinct hypothe-
ses: either diamond nuclei are formed {based on
the similarity between C 1s patterns from the dia-
mond nuclei on Si(001} and our data) or we have
a zinchlende-type with a disordered Al and C site
occupancy. Further investigations are needed 1o
distinguish between them.
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