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The initial stages of the CoSiz formation on Si(100) surfaces after room-temperature Co deposi-
tion and subsequent annealing were studied using Auger electron spectroscopy, low-energy electron
diffraction, and valence-band and core-level photoemission spectroscopy with synchrotron radiation.
CoSi; formation does not take place at room temperature. A coverage dependence of the reaction
temperature on Si(100) is observed which is attributed to a change of the Co adsorption sites at
room temperature above a Co coverage of ~ 2.5 monolayer. This is related to the formation of
CoSi, grains and of pinholes. Co-rich and Si-rich CoSi; surfaces were observed and characterized
for different annealing temperatures. A Si termination of the Co-rich surface is inferred from our
data. A c¢(4x4) reconstruction of the Si-rich surface is observed.

I. INTRODUCTION

Silicides have been studied extensively in the past
decade due to their importance as conducting materi-
als in microelectronics. CoSi, has the advantage that
it grows epitaxially on Si (lattice mismatch ~ —1.2%)
which opens prospects for three-dimensional electronic
devices. Up to now CoSi; formation on Si(111) has been
usually studied experimentally (for a recent review, see
Ref. 1), and high-quality epitaxial films have been grown.
However, CoSiz(100) is technologically more relevant and
in the last few years many studies have appeared.2™® In
contrast to growth on Si(111), however, grains of CoSi,
with different orientations grow on the Si(100) surface
after annealing of Co films deposited at room tempera-
ture (RT).2:3:° Therefore, a template technique is used to
grow films with a single orientation.?3 Such a template
is formed from the deposition of ~ 2.6 A Co at RT, fol-
lowed by the deposition of several angstroms of Co and Si
in stoichiometric ratio and further annealing to 460°C.3
Obviously, it is quite important to understand the very
first stages of CoSi, formation on Si(100) after RT Co
deposition.

Gallego et al® concluded from their Auger electron
spectroscopy (AES) and photoemission data that CoSi,
forms for 6c, < 1 ML. At higher coverages a Co-Si mix-
ture grows in a layer-by-layer mode. AES and surface
extended x-ray-absorption fine-structure measurements’
showed that one can distinguish between several stages
of the interface formation at RT. For 0c, < 0.5 ML,
Co atoms chemisorb on the Si(100) surface, occupying
fourfold sites. For 0.5 ML < fc, < 2.5 ML, the Co
atoms diffuse into the lattice, occupying interstitial sites.
Above 2.5 ML, substitution of the Si host atoms by Co
takes place. In contrast to Gallego et al.® the authors of
Ref. 7 exclude a spontaneous CoSi; formation on Si(100)
at RT. To some extent the disagreement between differ-
ent authors may be due to slightly different preparation
procedures and experimental conditions.

Another important problem is the surface termination
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of the silicide layer. In contrast to CoSiz(111),!° the ter-
mination of the CoSiz(100) surface is not clear at all.
Gallego et al.® concluded from their AES and oxygen
titration experiments that a Co-rich Si-terminated CoSi,-
C surface appears after annealing to 250 °C. Further an-
nealing to 600 °C leads to a Si-rich CoSi,-S surface. After
annealing to 460 °C of Co films deposited at RT Chamb-
liss et al.® observed a ¢(2 x 2) LEED (low-energy electron
diffraction) pattern and attributed it to the surface re-
construction of the CoSi,-C film terminated with 0.5 ML
of Co atoms. In a recent scanning-tunnelng-microscopy
study Stalder et al.® claim that the c¢(2 x 2) surface is
Si terminated, in agreement with Gallego et al.® These
authors studied the CoSi;(100)-S surface as well and ob-
served two different reconstructions: another ¢(2x2) and
a (3v/2 x v/2) R45° structure. A (2 x 2) structure was ob-
served during the transition between the two reconstruc-
tions.

We have studied CoSi, formation using a variety of
surface-sensitive techniques: AES, LEED, and valence-
band and core-level spectroscopy with synchrotron radi-
ation. AES was mainly used to control the Co coverage
and compare to values reported in the literature for the
various surface terminations. LEED indicates the crys-
tallographic order of the surfaces and helps to identify the
reconstructions characteristic for differently terminated
surfaces. The valence-band spectra give a picture of the
electronic structure of the surface and are used to moni-
tor the silicide formation. The highly surface-sensitive Si
2p core-level spectra reflect the bonding configuration of
the Si atoms and allow an easy identification of contri-
butions from CoSi, and Co-Si in solid solution. Similar
information is obtained from Co 3p core-level spectra.

II. EXPERIMENT

The experiments were performed in an ultrahigh-
vacuum apparatus consisting of a preparation and an an-
alyzer chamber. The preparation chamber!! is equipped
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with standard LEED optics, a cylindrical mirror analyzer
for AES, a quadrupole mass spectrometer, evaporation
sources, and a quartz microbalance for thickness mea-
surements. The photoemission experiments have been
performed at the TGM-3 (toroidal grating monochroma-
tor) beamline at the BESSY (Berliner-Elektronenspei-
cherring-Gesellschaft fiir Synchrotronstrahlung) storage
ring. The emitted electrons were detected by means of
a display-type electron-energy spectrometer!? housed in
the analyzer chamber. The overall resolution of the ana-
lyzer and the monochromator for 130-eV photon energy
and ~ 30 eV kinetic energy was ~ 0.35 eV. The large
acceptance angle of the spectrometer (~ 88°) allowed for
true angular integration and for fast data accumulation
with good statistics. The typical measuring times were
~ 10 min at a base pressure of ~ 4 x 107! mbar. The
measured counting rates were normalized to the photon
flux, so an absolute comparison between the intensities
of different spectra is possible.

The boron-doped Si crystals (~ 5 Qcm) were Ar™"
sputtered (10 pA, 600 eV), annealed to 850°C, and
slowly cooled down (~ 1-2°C/s) to room temperature.
The crystals were directly heated and their tempera-
ture above 460 °C was measured by an infrared pyrom-
eter. Below 460°C the temperature was determined
from the heating power, which has been calibrated in
a separate experiment with a thermocouple attached to
the crystal. Co and Si were evaporated on the samples
held at room temperature using a liquid-nitrogen-cooled
electron-beam evaporator. The base pressure during the
evaporation was ~ 5 x 107!° mbar. The evaporated
amount was determined by means of the quartz microbal-
ance. Typical evaporation rates were ~ 0.5-1 ML/min.
The microbalance reading was compared to the AES and
LEED uptake behavior. In the case of Co on Si(100) the
Si/(Si+Co) AES signal versus the Co coverage Oc, es-
timated by the quartz microbalance is shown in Fig. 1.
The AES ratio decreases linearly up to ~ 2.5 ML. At
higher Co coverages the linear decrease continues with
a smaller slope. This behavior is identical to the one
observed by Meyerheim, Débler, and Puschmann” who
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FIG. 1. Co uptake on Si(100) at room temperature moni-
tored by AES and LEED.

performed an absolute coverage calibration by Ruther-
ford backscattering (RBS). The change of the LEED
pattern as a function of the Co coverage is also indi-
cated in Fig. 1. The half-order spots of the clean surface
(2 x 1) structure disappear for coverages above 1 ML and
the (1 x 1) spots disappear at g, > 2.5 ML, in agree-
ment with Ref. 7. Therefore, our coverage calibration
coincides with the absolute calibration by RBS.” There
is one more point concerning the Si(100) surface prepara-
tion which it is worthwhile to discuss here. Meyerheim,
Débler, and Puschmann? compare in their study the Co
uptake on Art-sputtered and HF-etched Si(100) surfaces,
discovering pronounced differences in the growth mode
due to surface roughening after Ar* sputtering. Our
AES and LEED uptake data are nearly identical to their
data for HF-etched surfaces. Therefore, we conclude that
our cleaning procedure does not influence the Co growth
as dramatically as their Art-sputtering (1-1.5 keV) fol-
lowed by annealing to 800°C. It should be mentioned
that we also changed the crystals after several experi-
ments.

III. AUGER ELECTRON SPECTROSCOPY AND
LEED

The AES and LEED uptake behavior at RT is shown
in Fig. 1 and has been discussed briefly in Sec. II. The
annealing of the Co films evaporated at RT leads to a
reduction of the Co signal, the effect being stronger for
higher Co coverages. Our results (not shown) for the
Co AES signal versus annealing temperature at different
fco are similar to those shown by Gallego et al.® For
fco > 4 ML and at 460°C (550-650°C) we obtained a
Co/Si AES ratio of 0.18 (0.07), ~ 25% smaller than that
for the CoSi,-C (CoSiz-S) layer on a Si(111) surface.?
This difference could be due to pinholes in our films or
to a lower thickness of our films (< 10 A) so that the
substrate can contribute to the total Si AES signal (mean
free path ~ 5 A for the Si LVV electrons).” Like Gallego
et al.® we interpret this as the formation of Co-rich and
of Si-rich CoSi, surfaces.

We observed several LEED patterns after the anneal-
ing of Co films on the Si(100) surface. They are summa-
rized in Fig. 2. For 8¢, around 1 ML the (1 x 1) structure
is stable to ~ 550°C. At higher temperatures and for
coverages lower than 2 ML the (2 x 1) structure, typical
for the clean Si(100), surface reappears. The same effect
was observed by Meyerheim, Débler, and Puschmann.”
At ~ 5 ML Co we observe above 420°C a ¢(2 x 2) struc-
ture as mentioned before.!®'* For higher coverages this
structure appears at higher temperatures (see Fig. 2).
At the best quality of the ¢(2x2) structure the spots are
slightly brighter then those of the clean surface, which
means that the areas covered with this structure are com-
parable to the LEED coherence length of ~ 100 A. This
structure has been attributed to a reconstruction of the
CoSi; overlayer which is terminated either with 0.5 ML
Co (Ref. 13) or 1 ML Si.® Further annealing of the c¢(2x2)
[also called the (v/2x 1/2) R45°] structure to temperatures
above ~600 °C leads to the appearance of a c(4 x 4) [also
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FIG. 2. LEED patterns observed on Si(100) as a function
of temperature and Co precoverage. The absence of ordered
structures is denoted by BG (background).

called (2v/2 x 2\/§)R45°] structure not reported before to
our knowledge. This structure appears with its best qual-
ity (comparable to the clean surface) and at even lower
temperature of ~ 550°C if sandwich films of stoichio-
metric ratio are evaporated on a Co layer of ~ 2-3 ML.
We assign this structure to the Si-rich CoSi;-S surface
termination characterized above by AES.

For Co coverages around 2.5 ML (where at RT no
LEED pattern exists) we observed above ~ 450°C a
p(2 X 2) structure, which we attribute to a mixture of
the (2 x 1) and the ¢(2 x 2) structures. Clean Si(100)
patches (pinholes) and ¢(2 x 2) reconstructed CoSi, is-
lands with dimensions close the LEED coherence length
(100 A) could be a possible explanation. Using only AES
and LEED data we cannot exclude, however, the possi-
bility that pinholes exist at Co coverages where only the
¢(2 x 2) or c(4 x 4) structures appear. If they exist, their
diameter should be considerably smaller than the LEED

coherence length. It should be added that we never ob-
served the (3\/5 X ﬁ)R45° structure reported by Stalder
et al.®

IV. VALENCE-BAND PHOTOEMISSION

We followed the silicide formation after annealing the
RT Co films. Figure 3 contains the valence-band spec-
tra for c, = 0.7 ML and 5 ML taken at 115 eV photon
energy in the angle-integrated mode of the display spec-
trometer. This means that we recorded a cross-section-
weighted density of states (DOS) and we can compare our
spectra to the calculated DOS. At this photon energy the
states with Co 3d character dominate the spectra.l® It is
well known!® that two main peaks exist in the CoSiy
DOS: Co 3d nonbonding states at ~ 1.7 eV below the
Fermi level (Er) and a Co 3d-Si 3p bonding combination
at ~ —3.7 eV. The spectrum of the clean Si(100)-(2 x 1)
surface is shown in Fig. 3(a) for comparison. The 0.7-ML
RT spectrum has a broad peak with a maximum at ~ 1
eV below Er. This means that most of the Co atoms
have not reacted to CoSiy in contrast to the statement
of Gallego et al.’ Annealing to 300 °C causes almost no
changes in the spectrum [Fig. 3(a)]. A weak shoulder
appears on the left side of the peak, where the Co 3d
nonbonding states for CoSi, are expected. At 460 °C the
spectrum intensity decreases, the peak maximum shifts
to ~ —1.7 eV as in CoSi,, but the peak is broader and
contains a shoulder at ~ —1 eV, the RT peak position,
corresponding to lower-coordinated Co atoms. The data
suggest that up to 460 °C the CoSi, formation reaction
is not complete and some Co atoms are not surrounded
by eight Si atoms as in CoSi,. After the 650 °C anneal
we observe an additional intensity decrease and the peak
shape resembles that of the CoSi; DOS.17 This suggests
that at low Co coverages (similar spectra were observed
for ¢, = 1.3 ML, not shown) and high-temperature an-
nealing three-dimensional CoSi, islands covered with Si
exist on the Si(100) surface. At ~ —4 eV a pronounced
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FIG. 3. Co/Si(100), valence-band spectra
(a) for co = 0.7 ML and (b) for 6co = 5
ML. The intensity units correspond to the
distance between two axes markers.
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shoulder is seen, where the Co 3d-Si 3p bonding peak is
expected. The relative intensity of the shoulder in com-
parison to the CoSi, spectrum suggests that some con-
tribution from the Si patches is also possible (compare to
the bottom spectrum).

Figure 3(b) presents the results of the analogous exper-
iment for 5 ML Co/Si(100). The bottom spectrum for 0.7
ML of Co deposited at RT is shown for comparison. The
peak maximum of the 5-ML spectrum at RT is shifted
further to higher energy at ~ —0.7 eV as expected if an
unreacted Co film grows on the surface. The annealing
to 300 °C shifts the peak maximum to ~ —1.7 eV, the
value for stoichiometric CoSi,. The peak is asymmetric
at the right side which means that not all Co atoms have
identical surroundings. Further annealing to 460 °C leads
to a valence-band spectrum identical to that of CoSis.
Annealing to 650 °C does not change the peak form but
causes an intensity decrease. One can attribute this effect
to a Si overlayer covering the CoSiy layer. It should be
noted that for 2.6 ML Co/Si(100) we observed a similar
behavior. -

To summarize, from our valence-band experiments we
can conclude that no complete reaction to CoSiy takes
place at room temperature even for the lowest cover-
ages studied here (0.7 ML). Annealing is necessary
for CoSi, formation. At 6c, > 2.5 ML annealing to
~ 460°C is enough for CoSi, formation, but for lower
coverages we obtain the CoSi; DOS only after anealing
at ~ 650 °C. Si-rich CoSi,-S overlayers are formed after
high-temperature annealing (> 460 °C). Islands of CoSi,
exist on the surface at least for very low 6c,.

V. Si 2p CORE-LEVEL SPECTRA

The data-evaluation procedure for the core-level spec-
tra will be demonstrated for the clean Si(100)-(2 x 1)
surface. Figure 4 shows a Si 2p spectrum (dots) taken
at 130 eV photon energy. The spectra are normalized
to the photon flux, and therefore an absolute compar-
ison of the intensities is possible. The Si 2p electrons
are emitted with a kinetic energy of ~ 30 eV having a
mean free path of ~ 3.3 A.'® The Si 2p spectra were
fitted by means of a least-squares fit procedure using
the Levenberg-Marquardt method.'® For the peak form
Doniach-Sunji¢2® functions convoluted with a Gaussian
broadening function were used. The Gaussian reflects
the experimental energy resolution (monochromator and
electron analyzer) which is ~ 0.35 eV. The branching
ratio of the Si 2p3/, and 2p;,> components (0.5), their
separation (0.608 eV), the Lorentzian full width at half
maximum (FWHM) (0.08 eV)?1:22 and the asymmetry
parameter?®23 were kept constant. In the case of the
clean Si(100) surface the asymmetry parameter was set
to zero.!® For the Si 2p spectra of silicides the asym-
metry parameter was set to 0.12.2224 The background
was fitted by a third-order polynomial plus the contribu-
tion from inelastically scattered electrons proportional to
the integral of the elastic peak. The solid line through
the data is the fit function resulting from the fit. The
background is shown by the dashed line. Three main Si
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FIG. 4. Si(100) Si 2p spectrum, bottom: original data and
fit function, center: peak decomposition and top: 2p3/2 com-
ponents. The intensity units correspond to the distance be-
tween two axes markers.

2p components were needed for the best fit. They are
shown in the center of Fig. 4 together with the fit func-
tion. The existence of different Si 2p components is due
to binding-energy shifts of the Si 2p levels of Si atoms
in a chemical environment different from that in bulk
Si.'® The most intensive component is due to emission
from Si bulk atoms. Both equally intense components
on both sides of the bulk peak originate from the Si sur-
face atoms, which are lower coordinated than the bulk
atoms and have unsaturated bonds (dangling bonds). To
reduce the number of the dangling bonds, asymmetric
dimers forming the Si(100)-(2 x 1) reconstructed surface
appear.!® The right component is from the negatively
charged outer dimer atoms and the left one is from the
positively charged inner dimer atoms. Their intensities
correspond to half a monolayer each.!® Due to the excel-
lent statistic (~ 100000 counts/channel maximum) and
to the quality of the fit we will not show the experimen-
tal points but only the fit functions. For clarity only the
Si 2p3/, components of the peaks will be shown (Fig. 4,
top).

Figure 5 presents the Si 2p3/, spectra for 1.3 ML and 5
ML on Co/Si(100) as functions of the annealing tempera-
ture. The bottom spectra are for the clean Si(100)-(2x 1)
surface with its three components discussed above. The
Co adsorption leads to a reduction of the total intensity
due to the screening effect of the Co film and to a slight
shift of the 2p manifold to lower binding energy (0.15
eV) due to band-bending effects, and removes the sur-
face contribution due to dangling-bond saturation. We
estimate the Schottky barrier height to be 0.40+£0.02 eV,
in agreement with Refs. 6 and 25. We observe that a new
component grows with Co coverage. The binding-energy
shift (—0.28 eV) of this peak corresponds to that observed
for the Co-Si solid solution?®27 on Si(111). According to
the thermodynamical treatment of the core-level shifts
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FIG. 5. Co/Si(100), Si 2p3;2 component
(a) for 8co = 1.3 ML and (b) for fco, = 5
ML. The intensity units correspond to the
distance between two axes markers.
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in silicides, one should not expect an orientation depen-
dence of the shifts.?® Therefore, we attribute this peak to
emission from Si atoms in Co-Si solid solution. It should
be mentioned that Boscherini et al.2® observed an ad-
ditional peak (with binding-energy shift of ~ 0.36 eV)
which they attributed to Si atoms in a CoSi,-like envi-
ronment. We did not observe emission from a CoSi,-like
phase and, therefore, we exclude its formation at RT.
Our sensitivity allows us to detect ~ 0.1 ML of Si atoms
in this phase.

Additional annealing to 300°C was needed to get a
peak shifted to higher binding energy which we attribute
to CoSi; on the Si(100) surface. Its binding energy co-
incides with that on Si(111).26:27 From Fig. 5(a) we see
that after annealing to 300 °C we do not observe a sub-
stantial contribution from CoSi; in the Si 2p spectrum for
0co = 1.3 ML. On the other hand, for ¢, = 5 ML we do
observe an intensive component due to CoSi;. The CoSi,
components grow mainly at the expense of the Co-Si and
Si bulk components, which lose their intensity. The effect
is much more pronounced for ¢, > 2.5 ML. Simultane-
ously, a shift of the right peak to lower binding energy
occurs. The shift is again most pronounced for ¢, > 2.5
ML. For these coverages the binding-energy shift reaches
~ —0.42 €V relative to the Si bulk line. Simultaneously,
the total Si 2p intensity increases, demonstrating once
more that the reaction has taken place. After annealing
to 460 °C, the CoSi; components for both coverages in-
crease at the expense of the Si bulk component, the effect
for the 1.3-ML film being much stronger. Therefore, for
fco < 2.5 ML annealing to ~ 460 °C is needed for reac-
tion. For fc, > 2.5 ML the intensity and binding energy
of the right component do not change. For lower cover-
ages, however, an additional binding-energy shift occurs
and the binding energy of the right component reaches
the value it has for the higher coverages. This effect sup-
ports the above statement that for 8c, < 2.5 ML the

Binding Energy (eV)

reaction to CoSi; needs an annealing to ~ 460°C. We
see that for all coverages the RT Co-Si converts to disili-
cide after annealing. Nevertheless, a component shifted
to lower binding energy relative to the bulk line exists.
Such a component could be due to emission from lower-
coordinated surface Si atoms, similar to surface emission
from the upper dimer atoms of the clean Si(2 x 1) sur-
face. The binding-energy difference between the CoSi,
peak and the right component is ~ —0.62 eV, in agree-
ment with the data for a CoSiz(100) single crystal (—0.61
eV).2% Let us remember that after annealing to 460 °C
the CoSi,-C surface forms. The fact that we observe a
surface contribution in the Si 2p spectra of this surface
allows us to conclude that the surface is Si terminated.
We can rule out the Co termination of the surface pro-
posed by Chambliss et al.}3® because in this case all dan-
gling bonds of the surface would be saturated and no
low-coordinated Si atoms would exist. Thus our conclu-
sions are in agreement with the statement of Stalder et
al®

Further heating to 650 °C does not change the CoSi,
peak intensity for Co coverages higher than 2.5 ML. On
the other hand, for ¢, < 2.5 ML the CoSi, peak in-
tensity increases further. A possible explanation for this
effect would be that the reaction is not complete even at
460 °C for Oc, < 2.5 ML. For all coverages the intensity
of the surface peak increases after the last anneal but no
further binding-energy shift occurs. We could attribute
this intensity increase to Si diffusion on the surface dur-
ing the formation of the CoSi,-S surface which takes place
after this anneal (compare Sec. III). The observed ad-
ditional increase of the total intensity supports such an
interpretation. The binding energy shift of the surface
peak (—0.42 eV) is close to the binding energy shift of
the surface peak of the upper dimer atoms on the clean
surface (—0.47 eV). Most probably our surface peak con-
tains contributions from disilicide islands and Si pinholes.
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This suggestion is supported by the fact that we always
observe the (2 x 1) LEED pattern of the clean Si(100)
surface after annealing these Co films to 650 °C (see Sec.
I11).

Now we could offer another explanation of the above-
discussed intensity increase of the CoSi, bulk peak at
650°C for 1.3 ML as being due to a contribution from
the second surface peak of the lower dimer atoms, which
we cannot resolve.

It is worth noting that at all Co coverages and an-
nealing temperatures we always observe the Si bulk peak
(Fig. 5). The mean free path of the 30-eV electrons
in CoSiy is ~ 2.0-2.5 A.27 Assuming that our films are
complete the thickest one (5-ML Co) is ~ 11 A thick.
Therefore, we should not observe any Si bulk emission if
our film was complete. The observation of Si bulk emis-
sion means that we never obtain a CoSi, film without
pinholes. We estimate an upper limit of the area covered
by pinholes to be ~ 17-27 % of the surface. The lowest
pinhole area is observed for 2.6-ML Co coverage.

From our Si 2p data, we can exclude RT CoSi, forma-
tion on the Si(100) surface; the Co reaction with Si leads
only to the formation of a Co-Si solid solution. It seems
that at 8¢, < 2.5 ML, CoSi, formation needs higher tem-
peratures than at higher coverages and on the Si(111)
surface. We attribute this effect to the change of the
RT Co diffusion mechanism.” It is understandable that
the CoSi, formation reaction would be easier if a Co-
Si exchange has taken place above 2.5 ML at RT. The
CoSi, films obtained after annealing contain a consider-
able amount of pinholes.

VI. Co 3p CORE-LEVEL SPECTRA

Figure 6 presents the Co 3p spectra of 0.7-ML and 5-
ML Co/Si(100) recorded before and after annealing. For
these experiments we used a photon energy of 170 eV,
which means that the emitted Co 3p electrons have a
kinetic energy of ~ 100 eV. Therefore we are less surface
sensitive, but nevertheless the signal originates from the
topmost layers due to the fact that the Co atoms are
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near the surface. The lines show the best fits to the
experimental data (dots) using the same fitting procedure
as in Sec. V. The statistics of the data were not good
enough to determine the asymmetry parameter, so it was
chosen as zero. The spin-orbit splitting is ~ 1.5 eV, which
should be compared with the value for the Ni 3p level of
~ 1.6 eV.3? The Lorentzian FWHM is ~ 0.19 eV and
the Gaussian width is due to the lower resolution at the
higher photon energy ~ 0.6 eV. We fitted all spectra
with only one spin-orbit-split peak using the statistical
branching ratio of 0.5. It should be noted that Leckey et
al.?® observed from their Gaussian fits of Co 3p levels for
monocrystalline CoSi, a spin-orbit splitting of 1.38 eV
and a branching ratio of 0.44.

From the bottom spectra of Fig. 6 we see the intensity
increase with Co coverage. The 3p3/; component shifts
from 59.8 eV (0.7 ML Co) to 59.4 ¢V (5 ML Co) binding
energy, the value for metallic Co,3! which demonstrates
the lower coordination of the topmost Co atoms with Si
atoms.

The first annealing does not change the 0.7-ML spec-
trum but causes an intensity reduction and a shift to
higher binding energy of the 5-ML spectrum. This sug-
gests negligible Co inward diffusion in the former case in
contrast to the latter case. This observation is compati-
ble with the observed Co chemisorption on the topmost
layer of the Si(100) surface for fc, < 0.5 ML.” In both
cases a shift to higher binding energy is observed which
means that a reaction has taken place during the anneal.
Further annealing to 460°C and 650°C leads in both
cases to an intensity decrease and to a shift to higher
binding energy which reaches ~ 60 eV. The final bind-
ing energy is significantly lower than that observed for
monocrystalline CoSiz (61.65 eV).2° We do not have an
explanation for this difference. It should be noted, how-
ever, that the Si 2p binding energy in CoSi, observed
in Ref. 29 is higher than ours by 0.5 eV as well. We
observed that during CoSi, formation the Co 3p levels
have shifted by ~ 0.6 eV to higher binding energy. A
much higher shift (1.6 eV) to higher binding energy has

FIG. 6. Co/Si(100), Co 3p spectra (a) for
0co = 0.7 ML and (b) for co = 5 ML. The
intensity units correspond to the distance be-
tween two axes markers.
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been observed in the case of NiSip, formation3%32 and

was attributed to changes in the electronic configuration
from Ni metal to NiSiy, becoming atomiclike in the lat-
ter case, but not to a charge transfer from Ni to Si as
one would expected from the direction of the binding-
energy shift in the framework of the simple electrostatic
model.® A later theoretical study by Lambrecht3® has
excluded final-state effects and observed charge transfer
from Si to Ni, the extra charge being p-like and produc-
ing a negative initial-state shift. The experimentally ob-
served positive binding-energy shift has been explained
by a stabilizing Madelung initial-state shift.>® The differ-
ent value for Co could mean a weighting of the various
contributions to the binding-energy shift. Theoretical
calculations are needed to clarify this problem.

From the temperature behavior of the Co 3p spectra,
we conclude that at RT 0.7-ML Co reacts with the sub-
strate but the reaction is not complete. The reaction to
CoSi; is not accompanied by significant diffusion (peak
intensity does not change up to 300°C). At higher Co
coverages the topmost Co layer reacts less with Si (shift
to lower binding energy with increasing coverage) which
means that the RT reaction to CoSiy is limited to the
interface region.

VII. DISCUSSION AND SUMMARY

The Co reaction on Si(100) surfaces was studied here
using an in situ combination of surface analytical tools.
This allowed for a better comparison of the experimental
results obtained by the different techniques, and elim-
inates to a great extent disagreements due to different
preparation procedures and experimental conditions.

Our answer to the important question about an even-
tual RT CoSi, formation is definitively negative. Nei-
ther the valence-band electronic structure nor the Si and
Co core-level data indicate such a reaction. The Co 3d
and 3p binding energy correspond to lower-coordinated
Co atoms on the surface even at the lowest coverage of
0.7 ML. In the Si 2p core-level spectra we observe the
contribution from Co-Si solid solution only. The Co 3p
intensity data show that at low Co coverages the RT in-
ward Co diffusion is low, which is compatible with the
model of Meyerheim, Débler, and Puschmann’ propos-
ing overlayer chemisorption of the first 0.5 ML of Co;
this preserves the surface periodicity as we observe by
LEED. Additional Co deposition leads to further inten-
sity increase and a shift to lower energy of the Co 3d and
3p emission in the valence-band spectra and core-level
spectra, respectively. The Co-Si peak in the Si 2p core-
level spectra also grows in intensity. This means that a
Co-Si mixed layer covers the surface. The annealing ex-
periments confirm this statement. For all coverages we
observed that formation of CoSi, takes place only after
annealing. This behavior contrasts with the Co/Si(111)
reaction, where at least 0.2 ML of Co react to CoSi, at
RT.8:26:27

We observe above 2.5 ML a rapid change of the RT
growth mode, accompanied by the disappearence of the
(1 x 1) LEED pattern. Similar results have been at-
tributed to a change of the Co diffusion mechanism from
interstitial to site exchange.” We observe for the first
time, to our knowledge, a coverage dependence of the

CoSi, formation after annealing of the RT deposited
films. For ¢, < 2.5 ML annealing even to 460 °C was not
enough for completion of the reaction. Only after high-
temperature annealing did we get the DOS of bulk CoSi,
even for ¢, as low as 0.7 ML. Obviously, no complete
CoSi, layer is possible for such a low 0c,. Therefore, we
must accept that islands of CoSi; form on the surface
during annealing. This statement is supported by the
observation that (2 x 1) or (2 x 2) LEED patterns appear
after annealing, showing that patches of clean Si(100)
surface exist. We cannot estimate the lateral size of the
CoSi, islands, but from the transition from a (2x1) to
a p(2x2) LEED pattern one can infer that their lateral
size increases with Co coverage.

The temperature treatment of Co films with ¢, > 2.5
ML shows that even at 300°C (460 °C) most (all) of the
Co atoms are in the CoSi; environment. The observation
that for g, > 2.5 ML the silicide formation reaction oc-
curs more easily is compatible with the proposed change
of the Co diffusion mechanism.” It is understandable that
the silicide formation should be easier if Co atoms occupy
Si lattice sites already at RT. The silicide layers which
form after 460 °C for 6, > 4 ML show a constant Co/Si
AES ratio of ~ 0.18 and a ¢(2 x 2) LEED pattern. These
data are typical for the Co-rich CoSi,-C surface.®® In our
Si 2p data for the CoSis-C surface we observe emission
from lower-coordinated Si atoms, which we attribute to
the topmost Si layer. Therefore, we reject the Co termi-
nation of the CoSi,-C surface proposed by Chambliss et
al.® and support a termination with 1 ML Si as proposed
by Stalder et al.® In contrast to Si(111),2” however, our
Si 2p data show that we did not succeed in producing
pinhole-free CoSi,-C surfaces on Si(100). From the ab-
sence of the (2x1) LEED pattern of the clean Si surface
at 0co > 3 ML, we can conclude that the lateral dimen-
sions of the pinholes are at least 34 times smaller than
the LEED coherence length of ~ 100 A. Alternatively,
the high quality of the ¢(2x2) LEED pattern suggests
that the dimensions of the CoSi, area should be close
to the LEED coherence length. Therefore, we observe a
tendency for a lateral growth of the CoSi, areas with Co
coverage but no complete layer could be obtained in this
coverage region. Our Si 2p data show that the minimum
area covered by pinholes is obtained for coverages ~ 2.6
ML, where Yalisove, Tung, and Loretto® obtained their
best templates. We can conclude from our data that we
have observed the initial stages of the CoSi; grain forma-
tion after annealing RT Co films on Si(100) surfaces.

At 650 °C a Si-rich surface with a Co/Si AES ratio of ~
0.07 appears. This surface is called CoSi5-S in analogy to
Si(111).%° We observed a c(4 x 4) LEED structure of the
CoSi2(100)-S surface but not the (3v/2 x 1/2)R45° one,
observed earlier.® We cannot explain this difference. Ob-
viously, further investigations are needed to clarify this
point.
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