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Observation of the formation of a carbon-rich surface layer in silicon
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Due to its small size, the carbon atom has a very low solubility in a silicon crystal. In spite
of this, we show that carbon atoms adsorbed on top of a silicon surface readily migrate into sub-
stitutional sites below the surface, leading to a narrow layer of a highly concentrated alloy. This
was demonstrated by depositing carbon on a Si (001) surface by molecular beam epitaxy and in-
vestigating the changes in the chemical environment by x-ray photoelectron spectroscopy during
successive annealing steps at increasing temperatures. Ab initio total-energy calculations were used
to interpret the measured spectra.

I. INTRODUCTION

Understanding the microscopic processes that take
place during crystal growth is desirable because, by using
suitable growth conditions far from equilibrium, materi-
als can be trapped in a metastable state. For example,
molecular beam epitaxy (MBE) at low temperatures, ~

rapid thermal chemical vapor deposition (RTCVD), or
atmospheric pressure CVD (Ref. 5) can be used to grow
silicon crystals containing some amount of carbon, even
though stoichiometric SiC is the only stable compound
permitted by the Si-C phase diagram.

The way in which the grown material depends on pa-
rameters such as temperature or deposition rate can usu-
ally only be determined empirically. For the Si-C sys-
tem, an important quantity is the amount of carbon that
can be incorporated without destroying the perfection of
the crystal, and this generally seems to lie below a few
percent. Carbon and silicon atoms have grossly differ-
ent sizes and, therefore, substitutional C impurities in Si
are surrounded by energetically unfavorable strain fields.
The total energy can be reduced by a large amount if
the atoms rearrange to make silicon carbide microcrys-
tallites, a process which is easier if the carbon concentra-
tion is high. However, there have been recent indications
that considerably higher concentrations can be attained
under certain growth conditions.

In the approach that we have studied previously, the
key seems to be that pure carbon is deposited onto the
clean Si surface by MBE without coevaporation of silicon.
A pseudomorphic structure results when this is capped
by silicon after a further growth interruption. We would
like to distinguish between the two conceivable processes
by which the crystalline structure can form, namely: (a)
that the C atoms first stay on the surface, then reshuRe
together with the silicon atoms from the cap; or (b) that
the carbon atoms immediately move into the crystal be-
fore additional Si is put on top. Both models would seem
to have problems. If the C and Si atoms do rearrange to-
gether, it is more likely that they would lower their energy
by forming SiC microcrystallites. On the other hand, the
equilibrium solubility of C in Si at the growth temper-

ature of 600—700 C is extremely small and immediate
diffusion into the lattice would be surprising. However,
the results presented here will show that, unexpectedly,
carbon atoms, in fact, move very easily &om the surface
into subsurface substitutional sites, building up a narrow
layer with a high carbon concentration.

We thus come to an interesting conclusion concerning
the ordered carbon-covered silicon (001) surface, a sys-
tem which has been the subject of previous discussions.
In brief, such a surface does not exist. At low temper-
atures, we find a disordered jumble of carbon clusters
on top of the surface and at (moderately) higher tem-
peratures, we find a concentrated pseudomorphic surface
alloy.

The conclusions are based on x-ray photoelectron spec-
troscopy (XPS) measurements of carbon-containing sili-
con layers, during MBE growth and subsequent temper-
ing steps. This is possible because of an unusual arrange-
ment in our MBE system, which permits in vacuo and
in situ XPS measurement directly after deposition, with-
out the need to transfer the sample to another part of
the chamber. The sample does not have to be cooled
before taking the XPS spectrum, which avoids possible
structural changes related to an unintended change in
temperature. To interpret the measured data, we use ab
initio density-functional calculations that simulate the
emission of the core electron by a supercell containing
an atom with a reduced core occupation. Although the
relevant shifts in the XPS peaks are rather small (about
0.3 eV), we intend to show that this combination of ex-
periment and theory can nevertheless lead to convincing
conclusions.

II. EXPERIMENTAL
AND THE THEORETICAL PROCEDURE

The layers were grown in a multichamber MBE sys-
tem with a base pressure below 10 mbar. Silicon was
evaporated from an electron-beam evaporator and car-
bon was supplied by a pyrolytic graphite-filament subli-
mation source. On a clean (2 x 1) reconstructed silicon
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surface a 50-nm-thick Si buffer layer was grown at 600 C.
Carbon was evaporated with a low flux density after a
short growth interruption (no difFerence was found for
interruptions between 1 min and 1 h). In some cases, the
layer was covered with 100-nm amorphous silicon (de-
posited at room temperature) to allow a calibration with
secondary-ion-mass spectroscopy yielding a carbon de-
position rate of approximately 0.2 ML per minute. The
MBE equipment also contains the XPS tools. We em-
ployed a twin anode assembly that allows us to switch
between Mg- and Al-Ko. excitation lines. The imping-
ing angle was 30 relative to the surface normal and the
spot size was about 200 pm in diameter. The emit-
ted photoelectrons normal to the surface were recorded
with a spherical analyzer. The sample was electrically
grounded. The Si 2p peak from the MBE-grown pure
silicon substrate below the carbon-containing layer was
used as an internal reference in all measurements. Since
the inelastic mean &ee path of the Si 2p photoelectrons
with Mg-Ka exitation in silicon is 27 A. , we only see the
Si atoms in close vicinity of the carbon that we are inter-
ested in. By using the Si peak as reference, we eliminate
possible artifacts caused by band bending or buildup of
a surface potential.

Obtaining accurate theroetical values for core-level
binding energies (Cl BE) is already difficult for met-
als and faces additional complexities for semiconduc-
tors. We used the full-potential linear-muffin-tin-orbital
method within the local-density approximation to cal-
culate the change in the total energy when a core elec-
tron is removed &om the ls state of a carbon atom.
This type of treatment, while more involved computa-
tionally, includes Anal-state screening efFects in addition
to the "static" initial-state core levels in the unperturbed
system. We intend to compare semimetallic and semi-
conducting systems and expect anal-state effects to play
a non-negligible role. Supercells with (in most cases) 32
atoms were used to separate the excited atoms. The re-
moved core electron was smeared out as a homogeneous
background charge to permit solution of Poisson's equa-
tion. To reduce the effect of the artificial background
charge, total-energy differences were taken relative to
auxilliary calculations with one electron removed &om
the valence band and smeared out as background, giving
the energy needed to promote the core electron to the
top of the valence band.

An additional problem is that the comparison to the
measured core levels requires infomation about the refer-
ence level in the different parts of the crystal. For this,
we must estimate the band lineup, which arises when one
of the carbon-containing structures is on top of the sil-
icon substrate. A resonably realistic estimate is to line
up the midgap energies. We transform the calculated
core-level binding energies in this sense by adding one
half of the calculated energy gap to the total-energy dif-
ference. Overall, the calculated core-level binding en-
ergies are shifted systematically by only about 2.5 eV
(that is, by less than 1%) relative to the experimental
values, despite the fact that the local-density approxima-
tion should work best for spatially slowly varying charge
densities. DifFerences between materials are reproduced

to much higher accuracy.
There are some uncertainties in the calculated core-

level binding energies. First, we can only consider sim-
plified model structures instead of the presumably more
complicated atomic arrangement in the samples. Second,
we do not know the exact band lineup that the carbon-
containing trial structure has relative to the silicon sub-
strate. Third, since the local-density approximation un-
derestimates energy gaps, screening effects to the core-
level binding energy might be underestimated. In sum,
we expect the calculations to be more useful as a guide to
identify plausible structures, instead of a tool to pinpoint
the exact geometry. We certainly expect trends (such as
the dependence of the CLBE on the local volume of a C
impurity discussed below) to come out correctly. In any
case, we have checked that the overall conclusions do not
change when other obvious prescriptions are used, such
as correcting the total-energy difference, using the ex-
perimental (not calculated) band gap or lining up energy
levels somewhat closer to the valence band.

III. RESULTS AND INTERPRETATION

Our starting point is a recent demonstration that one
way to produce pseudomorphic layers of a Si-C alloy with
high carbon concentration is to deposit about one mono-
layer of pure carbon on a Si (001) surface by MBE with-
out coevaporation of silicon. After a further growth in-
terruption, a Si cap layer is grown on top. Transmission
electron microscopy (TEM) images showed that this pro-
cedure produces defect-free pseudomorphic layers with a
width compatible to a concentration of up to 20%%uo. As
discussed in the introduction, our aim is to obtain infor-
mation about the growth process by which these struc-
tures are created.

A erst measurement was done to identify the XPS "fin-
gerprint" of the pseudomorphic carbon-containing layers,
as grown by the previously described method. After de-
position of approximately one monolayer of carbon on
the clean Si (001) surface, we obtained a C ls core level
binding energy of 282.8 eV. Next, a 1.5-nm-thick Si cap
layer was deposited on top of the structure. The XPS
spectrum obtained after this step does not differ signi6-
cantly &om that observed before, except for a lower sig-
nal intensity, due to the limited information depth. The
temperature was kept constant at 600 C throughout the
deposition and XPS measurement steps. We conclude
that the carbon-containing pseudomorphic layer is as-
sociated with a CLBE of 282.8 eV, which lies between
the characteristic peaks for graphite (284.3 eV) and SiC
(282.4 eV). The latter can, for example, be identified us-
ing our apparatus during imperfect high temperature in
situ cleaning steps. Despite the relatively small shift
relative to the SiC peak position, the 282.8-eV signal is
not due to the formation of SiC microcrystallites. Dur-
ing the carbon deposition, we observe a typical streaky
(2 x 1) re8ection high-energy electron diffraction pattern
without the additional spots which would be typical for
silicon carbide cluster formation. In any case, forma-
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tion of SiC at a temperature of 650 C is unlikely. For
example, investigations concerned with the growth of sil-
icon carbide on Si (001), using the template technique, ~~

yielded a minimum formation temperature above 900 C.
Note that the line near 282.8 eV is already seen after
the carbon deposition step and before growth of the Si
overlayer. In principle, this single result already demon-
strates the claim made in the introduction, namely, that
the final carbon-containing layer already forms as soon
as the carbon is deposited onto the clean Si surface.

Elaborating on this results, the second set of experi-
ments tries to get more information on the growth process
by heating the sample gradually. We first deposited ap-
proximately one monolayer of carbon on a silicon surface
grown with MBE and cooled it down to room tempera-
ture. The layer was annealed in vacuo at 100, 200, 300,
400, and 500 C for 40 min at each temperature, followed
by further anneals at 550, 600, 650, 700, and 750 C for
20 min at each temperature. At the end of each annealing
step, we measured the C 18 XPS signal. After the ini-
tial low-temperature carbon deposition, the C 18 signal
is found near 283.52 eV. Starting with the 500 C anneal,
the signal shifts to lower binding energies and saturates
at a value of 282.83 eV for temperatures above 650 C.
This position is identical to the "fingerprint" identified
in the first experiment. As further proof that this signal
is not due to SiC, we used an additional high tempera-
ture (920'C/15 min) anneal. After this, we measured an
additional shift of 0.26 eV to a peak position typical for
silicon carbide on silicon. Figure 1 shows the measured
spectra for three typical temperatures. Conspicious is
the shift &om a rather broad peak at 20 C to a narrower
peak at a lower binding energy as the annealing tempera-
ture is increased. Although small, the shift is clearly visi-
ble and reproducible. To show that there are really three
different well-defined characteristic core binding energies,
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FIG. 1. XPS spectra of the C 1s state, measured after the
carbon-covered Si (001) surface was annealed in steps up to
the indicated temperature for each curve. With increasing
temperature, the peak shifts to lower energies and becomes
more narrow. The dashed line marks the position of the peak
at 20 'C.
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FIG. 2. Shift of the measured C 1s peak in dependence
of the temperature for the last annealing step, relative to the
position after deposition at room temperature. Three distinct
plateaus (dashed lines) at the indicated core-level binding en-
ergies are observed. Measurements for two different samples
are distinguished by squares and diamonds; open symbols in-
dicate extra annealing steps at 500 C for determining the
energy barrier.

Fig. 2 displays the peak position against the annealing
temperature. One sees that at about 500 C, some pro-
cess is initiated that stabilizes by 650'C —750 C at the
intermediate binding energy 282.83 eV. Further heating
"ruins" the sample by forming SiC crystallites in the ex-
pected manner. Figure 2 shows closely similar values for
two separate runs on different samples.

To help identify the three plateaus found for the XPS
signals as a function of annealing temperature, we first
compare them to established values ' for SiC, graphite,
and diamond in the top part of Fig. 3. The interpre-
tation of the high-temperature signal (T2 ——920'C) as
SiC is confirmed. For the room-temperature deposition
(Tp 20 C), we expect a variety of carbon clusters with
some bonding to the Si substrate. This agrees with the
measured XPS signal in the vicinity of the graphite value,
but with some shift towards SiC. The signal of main in-
terest here, the peak at 282.83 eV for annealing tem-
peratures near T~ = 650 C, lies between these values.
The similarity of the measured signal to the SiC value
suggests the formation of Si-C bonds; however, the shift
shows that the chemical environment is different &om
that in silicon carbide. We know that pseudomorphic
growth on top of the carbon-containing layer is possible
and, furthermore, that the simple substitutional C im-
purity in Si has a lower energy than more complicated
complexes. Therefore, good candidates are structures
consisting of an arrangement of such impurities.

The lower part of Fig. 3 shows our calculated values
for the reference materials SiC, graphite, and diamond
and for three trial structures containing substitutional C
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FIG. 3. Top: measured carbon 1s core-level binding
peak positions at the plateaus in the annealing curve near
To ——20'C, T& ——650 C, and T2 ——920'C, and previously
obtained values for SiC, graphite, and diamond/diamond-like
films. Bottom: Values obtained from ab initio supercell cal-
culations. Theoretical values were shifted to line up graphite,
for which the uncertainty in the band-edge line up does not
enter.

impurities. The first candidate is the isolated substitu-
tional C impurity, treated in a 32-atom supercell. The
second (labeled ml) is made by spreading one monolayer
of carbon over two adjacent Si (001) planes without cre-
ating nearest-neighbor C-C pairs, treated in a 12-atom
supercell with six (001) planes. The third is a low-energy
ordered structure with stoichiometry Si4C in a cell of 10
atoms. All three were forced to match the Si substrate
and atomic positions were relaxed using a realistic Keat-
ing model prior to the ab initio calculation.

As discussed above, exact identification of the struc-
ture causing the Ti signal by comparing theory and
experiment is overambitious. Nevertheless some clear
trends emerge. All three trial structures have a chem-
ical environment similar to SiC, in that the carbon atom
is tetrahedrally surrounded by four Si atoms. However,
the calculated core-level binding energies are difI'erent by
more than 1 eV. For the isolated substitutional impu-
rity, the value is similar to that of graphite and lies too
high to be considered as the source of the Tq signal. For
the structures with more carbon, the binding energy lies
slightly above that of SiC and is compatible with the
measured peak position. As mentioned, this should not
be overinterpreted; speci6cally, the calculated results for
SiC cannot be directly compared to the measured value,
because of the many possible modi6cations which, more-
over, have different band gaps. (The difference in the
cubic and hexagonal SiC CLBE is due to the smaller
band gap in the cubic modi6cation, which enters via the
band lineup model used here. ) But it seems safe to con-
clude that a substitutional structure is a suitable model
for the measured system, if we can understand why some
of these have core-level binding energies that lie closer to
that of SiC than others.

We have to explain why the various substitutional
structures and SiC lead to difFerent values of the CLBE,

even though they have a similar nearest-neighbor en-
vironment of the carbon atom. In silicon carbide, the
charge is transferred to the carbon atom, raising the elec-
trostatic potential and reducing the C 18 core-level bind-
ing energy. Thus, we associate the shifts of the CLBE
relative to SiC mainly with the degree to which the much
smaller C volume can be accommodated in the difI'erent
structures. Stretching the C atom to 611 a larger volume
causes an overall decrease of the electron density around
it. This lowers the electrostatic potential and increases
the CLBE. Compared to the substitutional impurity, the
embedded monolayer structure and Si4C have carbon vol-
umes much closer to that in SiC. As a very rough mea-
sure, we can assign to each Si atom the same volume as
it has in the pure crystal (133 a.u.s) and determine the
volume left to the carbon atom in each structure. For
the used geometries of SiC, Si4C, the embedded mono-
layer, and the impurity, we obtain about 3, 39, 52, and
133 a.u. , respectively, compared to the atomic volume
in diamond of 38 a.u. . Despite the obvious defects of
this definition, one sees that the carbon is stretched by
a much larger amount in the structures with a higher
CLBE. We are left with the following general argument:
the substitutional carbon atoms will tend to reduce the
total energy of the crystal by arranging in a way that per-
mits maximal relaxation towards a small carbon volume.
This increases the electron density near the carbon atom,
which pushes up the core-level binding energy. Thus, the
substitutional structures showing a CLBE only slightly
above that of SiC are exactly those arrangements that
have a low total energy.

IV. FURTHER EVALUATION
OF THE XPS SPECTRA

Based on the previous discussion, we interpret the
seemingly continuous shift of the XPS peak as the tem-
perature varies &om 20 to 650 C, as due to changes in the
intensity of two subpeaks, which are associated with ad-
sorbed carbon clusters and substitutional subsurface car-
bon. This is confirmed by the change in line shape; start-
ing with a symmetrical line at room temperature, we pass
through a region where the line is signi6cantly asymmet-
ric before it becomes symmetric again after the 650 C
anneal. Each spectrum can be deconvoluted as a sum of
two subpeaks 6xed at the positions for room tempera-
ture and 650 C (Fig. 4), which reproduces the observed
asymmetry very well. Let co and ci be the normalized
integrated signal intensities for the 6rst and second sub-
peak, which we interpret as the relative amount of carbon
in each phase. At the fixed temperature T=500 C, we
peformed several measurements as a function of anneal-
ing time t. The results fit well to the relation

co(t) = exp( —t/7) ~ cq(t) = 1 —exp( —t/w),

with v=85 min. Assuming co(t) obeys an exponential
time dependence at the other annealing temperatures
also, we can estimate the time constant w(T) from the
single measurement done there, giving values obeying
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FIG. 4. Example for the deconvolution of the carbon sig-
nal (here for the spectrum obtained after the 500'C anneal)
into a sum of two peaks associated with the low (20 'C) and
intermediate (650 'C) temperature structures.

For a given initial carbon coverage, this can be used to
calculate the reduction in XPS intensity as a function of
the concentration cc oc 1/D. Assuming an initial cov-
erage of one monolayer carbon, spreading this over 100
layers of the silicon lattice (corresponding to the forma-
tion of an alloy with l%%uo carbon) would reduce the C 1s
XPS intensity to one sixth of the initial value. Even a
concentration of 5%%uo would lead to a decrease of about
40'%%uo. In contrast, throughout the whole annealing proce-
dure, we have found that the ratio of the integrated C 1s
and Si 2p intensities remained constant to within a mean
deviation of 10%%uo. Thus, our measurements are compat-
ible with a carbon concentration in the neighborhood of
15 —20% but exclude a substantially lower concentration
in the surface layer.

1/7 (T) oc exp( —E/kT),
with E = 0.6 6 O. l eV. This energy can be viewed as
the barrier for carbon atoms to migrate &om the surface
into subsurface sites. It is considerably smaller than the
activation energy for diffusion in the bulk of about 3 eV.

As a final point in the interpretation of the results, we
exploit the surface-sensitive property of the XPS tech-
nique to estimate the depth to which the C atoms move
into the Si crystal. The x-ray photons penetrate deep
into the substrate, but the emitted electrons are scat-
tered with an inelastic mean free path of A=24 A. in
silicon, for C ls electrons under Mg-Ko. excitation.
Of the electrons emitted at a depth d, only the fraction
exp( —d/%sine) reach the surface and can be detected,
where 0 is the electron take-ofF angle relative to the sam-
ple surface (in our case 0=90'). For simplicity, we con-
sider the case that the total amount of deposited carbon
is distributed homogeneously over a layer of thickness D
near the surface. The total XPS intensity then obeys

V. CONCLUSIONS

Altogether, our experimental and theoretical results
for annealing experiments on a carbon-covered Si (001)
surface lead to the following conclusions. Carbon atoms
deposited on silicon tend not to stay on the surface, but
instead readily migrate into the crystal. There are strong
indications that they occupy substitutional sites. The
energy barrier of approximately 0.6 eV hereby is much
smaller than that for diffusion in the bulk. The car-
bon atom stays close to the surface, forming an alloy
with a carbon concentration above 10—20'%%uo. We point
out that recent calculations based on an empirical many-
body potential predict that the interaction of the defect
stress around a carbon impurity with the &ee surface can
enhance the solubility, as well as the diAusion by a large
factor. Both predictions are in very good agreement with
our present results.
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