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High-resolution angle-resolved photoemission investigations of core levels of the (100), (110), and (111)
surfaces of Cr;Si have been performed using synchrotron radiation. Surface-shifted Si 2p levels were ob-
served on all three surfaces, but no shifted Cr 3p levels could be identified. The core-level shifts were ex-
tracted using a curve-fitting procedure, and it was found necessary to use two surface-shifted com-
ponents for each surface. Shifts of —0.29 and —0.56 eV for the (100) surface, of —0.42 and —0.77 eV
for the (110) surface, and of —0.27 and +0.28 eV for the (111) surface were extracted. The reaction rate
for these surfaces upon oxygen exposure was investigated, and significant differences were observed. The
(100) surface was found to show the highest reaction rate and the (110) surface the lowest. Initial Si oxi-
dation was observed on all three surfaces, while Cr oxidation could be revealed only after higher oxygen
doses. Clear diffraction effects were observed in the Si 2p surface-to-bulk intensity ratio both as a func-
tion of electron emission angle and photoelectron kinetic energy. These results are presented and dis-
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cussed.

I. INTRODUCTION

The electronic properties of transition-metal silicides
have attracted considerable interest during the past de-
cade.’? The formation of silicides in transition-
metal-silicon interfaces produces rather stable silicide-
silicon interfaces and clean contacts’ which have impor-
tant applications in semiconductor industry."? Different
phases of silicides can, however, be formed in such reac-
tions, so data from bulk silicide crystals are often re-
quired for drawing firm conclusions about, for example,
the growth mode and silicide stoichiometry at the inter-
face. Several studies have been reported earlier on react-
ed Cr/Si interfaces and of polycrystalline chromium sili-
cides,’”® but only one!® of a single-crystal sample.
Therefore we have continued investigations of the low-
index surfaces of a chromium silicide single crystal.

Angle-resolved photoemission studies of the (100),
(110), and (111) surfaces of a Cr;Si single crystal have
been performed in order to investigate the electronic
structure and possible geometry at the surfaces. In this
article high-resolution core-level results from the three
clean surfaces, prepared in situ by sputter and annealing
cycles, are presented. Effects induced in the core-level
spectra upon oxygen exposure are also presented and dis-
cussed. Surface-shifted Si 2p levels are observed on all
three surfaces, but no shifted Cr 3p levels can be
identified. It was found necessary to use two surface-
shifted components for all three surfaces in order to mod-
el the recorded spectra. For the (100) and (110) surfaces
both components are shifted towards lower binding ener-
gy, while for the (111) surface there is one shift in each
direction. The oxygen-induced effects indicate a rapid in-
itial oxidation of Si, while higher oxygen exposures are
found to be needed in order to observe a chemically shift-

46

ed Cr 3p peak. These findings are presented and dis-
cussed.

II. EXPERIMENTAL DETAILS

The experiments were performed at the synchrotron
radiation facility MAX Laboratory in Lund. The beam
line utilized is equipped with a toroidal grating mono-
chromator!! having three interchangeable gratings and
producing photons with energies between 15 and 200 eV.
The photon energy resolution is dependent on the opera-
tion parameters, but was for the high-resolution studies
of the Si 2p core levels chosen to be less than 0.2 eV. The
hemispherical electron analyzer has an acceptable angle
of +£2° and was typically operated at an energy resolution
of less than 0.1 eV.

The growth method used to produce monocrystal rods
of Cr;Si has been described earlier.!® Crystals having the
(100), (110), and (111) orientation were spark cut from the
monocrystal rod and mechanically polished. The orienta-
tion was checked by Laue patterns to be within +1°. The
crystals were cleaned in situ by a short Ar*-ion bombard-
ment (20 mA at 2000 V=2 min and then at 500 V=3
min) followed by repeated short annealings to a tempera-
ture of around 800°C for the (100) surface, 1000°C for
the (110) surface, and 1100°C for the (111) surface. The
cleaning procedures were checked using Auger electron
spectroscopy (AES) and low-energy electron diffraction
(LEED) to produce clean and well-ordered surfaces. A
constant Si-to-Cr signal ratio was obtained in the AES
spectra after a few annealings. Distinct 1X1 LEED pat-
terns were observed from the (110) and (111) surfaces.
For the (100) surface the pattern was found to include
weaker superstructure spots as shown in Fig. 1(a). We
suggest these to originate from a two domain
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FIG. 1. Illustration of the observed LEED patterns from (a)
the (100) surface and (b) the (110) surface.

¢(V2X2V2)R 45° overlayer structure as discussed below.
For comparison the LEED pattern observed on the (110)
surface is illustrated in Fig. 1(b). The LEED patterns
were used to set the desired azimuthal directions which
were (011), (001), and (011) for the (100), (110), and
(111) surface, respectively. Oxygen exposures were made
at room temperature at pressures in the 107 3~1073 Torr
range. The base pressure in the spectrometer was
2X107!° Torr. The exposure is given as the total pres-
sure read at the ion gauge times the exposure time
(1 L=10"% Torrs). All measurements were performed
at room temperature.

III. RESULTS

High-resolution Si 2p spectra recorded at a photon en-
ergy of 130 eV from the (100), (110), and (111) surfaces at
normal emission are shown by the dotted curves in Figs.
2(a)-2(c), respectively. An integrated background has
been subtracted to compensate for the effects of inelasti-
cally scattered electrons. Surface-shifted components are
needed in order to model the recorded spectra for all
three surfaces. The results of a curve-fitting procedure'?
are shown by the solid lines through the data points in
the figure. The fitted components are shown as shaded
curves, where the darkest component corresponds to the
bulk component and the lighter ones to the surface com-
ponents. The parameters often used for fitting Si 2p spec-
tra have been utilized in these fits, i.e., a spin-orbit split of
0.61 eV, a branching ratio of 0.5, and a Lorentzian full
width at half maximum (FWHM) of 0.07 eV. Asym-
metry parameter values of 0.12 for the surface shifted
components and 0.00 for the bulk component were select-
ed from the best fits of the (110) spectra, where the sur-
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face shifts are largest and the fits are easiest to make; see
Fig. 2(b). These asymmetry parameter values were then
used also for the two other surfaces and are actually the
values found earlier to produce the best fits of Si 2p spec-
tra from Mo,Si (100) and (110)."* A Gaussian (instru-
mental) FWHM of 0.24(£0.01) eV was used for the spec-
tra shown in Fig. 2. For determining the surface shifts
normal emission spectra recorded at photon energies be-
tween 108 and 140 eV have been analyzed. The values
given below in parentheses represent the maximum
spread in the results of the curve fitting using all relevant
recorded spectra.

Of the three surfaces studied the (110) surface is the
easiest to analyze since it exhibits two clearly resolved
surface-shifted components. The fitting procedure result-
ed in this case in surface core-level shifts of
—0.42(£0.02) eV and —0.77(£0.02) eV relative to the
binding energy of the bulk Si 2p;,, which was deter-
mined to be 98.9(1+0.1) eV. For the (100) surface the

INTENSITY (arb.units)

.
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FIG. 2. Si 2p core-level spectra recorded at normal emission
from (a) the (100) surface, (b) the (110) surface, and (c) the (111)
surface using a photon energy of 130 eV. The dotted curves
show the recorded data points, the solid curves represent the re-
sult of the curve fitting procedure, and the shaded curves show
the extracted bulk (dark) and surface shifted (lighter) com-
ponents.
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question was raised in an earlier article of Cr;Si (100)
(Ref. 10) if the Si 2p spectrum has one quite broad
surface-shifted component or two narrower components.
Judging from the fits made this time, using the same spec-
tra as in that article and the fitting parameters from the
(110) surface, the answer to this is that there are at least
two shifted components. Surface shifts of —0.30(+0.01)
and —0.58(+0.04) eV are extracted when using two
shifted components. The fit obtained at the foot on the
low binding energy side is, however, not really satisfacto-
ry. One could therefore even consider the possibility that
there is a third shifted component. When using three
surface components shifts of —0.28(£0.01),
—0.52(£0.03), and —0.82(%0.02) eV are extracted.
Since the relative intensity of the component having the
largest shift becomes very weak, less than 5% of the bulk
component, and since fits of comparable quality are ob-
tained when using two shifted components we can, how-
ever, only conclude that there are at least two shifted
components for the (100) surface having shifts of
—0.29(%£0.02) and —0.56(10.06) eV. The Si 2p spec-
trum from the (111) surface appears at first sight to con-
tain only a bulk component. When trying to fit this spec-
trum it was, however, not possible to get a reasonably
good fit using only a bulk component. When using the
same parameters as for the other two surfaces it was in
fact found necessary to use two surface components and
shifts of —0.27(+0.02) and +0.28(%0.02) eV were ob-
tained, i.e., shifts having the same size but different signs.
Only this surface exhibits a surface component shifted to-
wards higher binding energy.

For the main purpose of investigating the reactivity,
but also for identifying surface shifted components, these

three surfaces were exposed to different amounts of oxy-
gen. Si 2p spectra recorded after different exposures us-
ing a photon energy of 130 eV are shown in Fig. 3. Large
differences in the oxidation rate for the different surfaces
are clearly observed. For the (100) surface the Si 2p spec-
trum is clearly affected at an oxygen dose of 3 L (1
L=10"° Torrs) and a silicon oxide related peak'* is ob-
served at around 3.7 eV higher binding energy; see Fig.
3(a). This peak can in fact be observed, although very
weak, already in the 1-L spectrum. In comparison the
(110) and (111) surfaces are initially much less affected by
oxygen since exposures of 30 L are needed in order to ob-
serve oxide related peaks; see Figs. 3(b) and 3(c). The
least reactive of the three surfaces is seen to be the (110)
since the relative intensity of the oxide-related peak ob-
served at an exposure of 30 L is much smaller than for
the (111) surface. Even at an oxygen dose of 300 L bulk
Si 2p peaks are still seen fairly clearly in the (110) spec-
trum, while they have disappeared almost completely for
the other two surfaces. The previously discussed
surface-shifted components are found to be more affected
upon oxidation than the corresponding bulk peaks which
support the assignments made above.

Chromium spectra have also been recorded for the
purpose of revealing surface-shifted Cr 3p levels and how
these levels are affected upon oxygen exposures. Cr 3p
spectra recorded from the clean surfaces are shown by
the bottom curves in Figs. 4(a), 4(b), and 4(c), respective-
ly. These spectra look, after background subtraction,
identical for all three surfaces. This was also checked us-
ing the curve-fitting program by which it was possible to
subtract spectra from each other after normalization and
the difference spectrum obtained was a straight line
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FIG. 3. Si 2p spectra recorded at normal emission after different oxygen exposures using a photon energy of 130 eV from (a) the

(100) surface, (b) the (110) surface, and (c) the (111) surface.
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FIG. 4. Cr 3p spectra recorded at normal emission after different oxygen exposures from (a) the (100) surface, (b) the (110) surface,
and (c) the (111) surface. In (a) a photon energy of 110 eV was used, while 118 eV was used in (b) and (c).

without any structures. The result was the same if the presented earlier.!® No surface-shifted core levels can be
difference was taken between spectra from different sur- identified in the Cr 3p spectrum for any of the three sur-
faces and/or at different emission angles (6, =0° and 50°  faces studied. Upon oxygen exposures a similar
were used). The conclusion must therefore be the same difference in oxidation rate between the different surfaces
for the (110) and (111) surfaces as for the (100) surface  can be observed in the Cr 3p spectra as discussed earlier
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FIG. 5. Si 2p spectra from the (110) surface recorded (a) at normal emission using different photon energies, (b) and (c) at different
emission angles using two different photon energies.
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for the Si 2p spectra; see Fig. 4. The oxide-related peak,
at approximately 2 eV higher binding energy,'®!® ap-
pears, however, at higher doses of oxygen in the Cr 3p
spectra than in the Si 2p spectra, indicating an initial rap-
id silicon oxidation. This difference in the oxidation rate,
initial Si oxidation, and appearance of a metal oxide peak
at much larger exposures, if observed at all, has been re-
ported earlier for other transition metal silicides.!> 161
Distinct diffraction effects have been observed in the
surface-to-bulk intensity ratio in earlier experiments on
transition metal silicides'>?° both as a function of photo-
electron kinetic energy and electron emission angle. Such
effects were observed also in this investigation and most
pronounced for the (110) surface which is illustrated in
Fig. 5. Normal emission spectra recorded at different
photon energies are shown in Fig. 5(a) and spectra
recorded at different electron emission angles along the
(001) azimuth using two different photon energies, 118
and 125 eV, are shown in Figs. 5(b) and 5(c). In order to
better illustrate the diffraction effects the extracted sur-
face to bulk intensity ratios for the major surface shifted
component have been plotted in Fig. 6. The extracted ra-
tio is shown as a function of photon energy in Fig. 6(a)
and as a function of electron emission angle in Fig. 6(b).
The ratios extracted in the normal emission spectra for
the (100) and (111) surfaces are also included in Fig. 6(a).
Neglecting diffraction effects the ratio versus photon en-
ergy should exhibit a maximum where the energy depen-
dent mean free path has its minimum which occurs
around a kinetic energy of about 25 eV,?! corresponding
to a photon energy around 130 eV. For the (100) surface
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the extracted ratio is seen to show this behavior; see Fig.
6(a). The result for the (110) surface is, however, quite
different, showing a maximum around a photon energy of
118 eV and a minimum around 134 eV. A similar behav-
ior is observed also for the (111) surface, although the ex-
tracted ratios are considerably smaller in this case. When
varying the emission angle the surface-to-bulk intensity
ratio should increase monotonically?® with increasing
emission angle if diffraction effect can be neglected. The
experimental results show, however, a quite different be-
havior; see Fig. 6(b). At a photon energy of 118 eV the
ratio is actually largest at normal emission [squares in
Fig. 6(b)] and decreases with increasing emission angle up
to about 6, =20°. Between 6, =20° and 40° it exhibits a
local maximum, but thereafter it shows a slow increase
with emission angle. The result for Av=125 eV is quite
similar, the main differences being a more pronounced in-
crease at large emission angles and an increase the first 5°.
These results clearly show that diffraction effects must be
included in an interpretation of the surface-to-bulk inten-
sity ratios.

IV. DISCUSSION

Can formation of silicides with a different composition
in the surface region explain the shifted components? A
Si 2p; , binding energy of 98.9 eV was determined for the
bulk component in Cr;Si, while binding energies of 99.0
and 99.5 eV have been reported earlier for CrSi and
CrSi,, respectively.>’ A chemical shift towards higher
binding energy is thus expected for both CrSi and CrSi,,
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FIG. 6. Extracted surface to bulk intensity ratio for the Si 2p levels (a) as a function of photon energies for the different surfaces
and (b) as a function of emission angle for the (110) surface using two different photon energies. That the ratios extracted for the
(110) surface at normal emission in (b) are somewhat smaller than those in (a) is probably partly due to the fact that latter data were
recorded much later in the experiment so several annealings had been made in between these recordings.
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while the components observed in general are shifted to-
wards lower binding energy. The exception being the
weakest component on the (111) surface, which is shifted
towards higher binding energy, but its binding energy
does not match the binding energies of these silicides.
Formation of these types of silicides in the surface region
can therefore not provide an explanation of the shifted
levels observed.

In seeking an explanation to the origin of the surface-
shifted core levels and to the different reactivities ob-
served upon oxygen exposures it is worthwhile to consid-
er how the different surfaces may be terminated. We first
look for possibilities to obtain Si in the surface layer
when truncating the bulk structure since surface shifted
Si 2p levels were observed on all three surfaces investigat-
ed and since the effects induced in the core levels upon
oxygen exposures, a rapid initial Si oxidation and Cr oxi-
dation at larger exposures, also suggest presence of Si in
the surface layer. The unit cell of Cr;Si is shown in Fig.
7(a). It consists of Si atoms in bce positions with pairs of
Cr atoms located in perpendicular directions on neigh-
boring faces of the cube. This means that in the (110)
direction every fourth plane contains only Si atoms while
the three planes in between only Cr. The concentration
of atoms is the same in each layer and the interlayer dis-

(b)

@ Siatoms

Cr atoms

@ Si in the overlayer on the (100) surface

FIG. 7. (a) The unit cell of Cr;Si where the large gray circles
represents Cr atoms and the small black circles represents Si
atoms. The top and side view of the low index surfaces are
shown in (b)—(d) when assuming perfect bulk termination with
Si in the surface layer for the (110) and (111) surfaces and a Si
overlayer for the (100) surface.
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tance is @ /4V'2, where a is the lattice parameter [4.56 A
(Ref. 7)]. Assuming Si as the terminating layer for the
(110) surface results in the model shown in Fig. 7(b). The
LEED pattern from this surface, shown in Fig. 1(b), is
possible to obtain by just summing the diffraction pat-
terns from at least the first two layers.

For the (111) direction in the unit cell every second
plane contains only Si atoms and the plane in between
only Cr, with an atom concentration three times higher
than in the Si plane. The interlayer distance is a /4V'3.
Assuming Si termination also for the (111) surface results
in the model shown in Fig. 7(c). It is thus possible to ob-
tain a single terminating Si layer on the (110) and (111)
surfaces by just truncating the bulk structure. We can-
not, of course, exclude the possibility that these surfaces
have overlayer structures that are compatible with the
diffraction patterns from the bulk layers.

For the (100) direction in the unit cell every second
plane contains both types of atoms while the planes in be-
tween contain only Cr atoms. In the mixed layer the con-
centration of Cr atoms is twice the Si concentration and
in the Cr layer the concentration is the same as for Si in
the mixed layer. The interlayer distance is a /4. Perfect
bulk termination can, however, be excluded for this sur-
face since it would result in a quadratic LEED pattern
and that is not observed as seen in Fig. 1(a). It should be
noted that the LEED pattern from the (100) surface was
misinterpreted in our earlier investigation on Cr,Si.!
The large filled circles in Fig. 1(a) illustrate the 1X1
LEED pattern and the small filled circles the superstruc-
ture spots. The pattern of the superstructure spots can be
constructed by two identical oblique (primitive) unit
meshes rotated 90° compared to each other and with their
short sides rotated 45° compared to the sides of the 1X1
primitive mesh. The two oblique unit meshes and the
quadratic unit mesh are shown in Fig. 1(a). The area of
the oblique mesh is half the area of the quadratic mesh,
which means that the oblique unit mesh in the real space
is twice as large as the quadratic unit mesh. The simplest
way to construct the origin to this LEED pattern is by
using a two-domain oblique overlayer structure on the
truncated crystal. This overlayer structure can also be
viewed as a two-domain ¢(V'2X2V'2)R45° structure us-
ing Wood’s notations.”> We cannot, of course, eliminate
the possibility of a more complex overlayer structure
such as coexistence of both domains in the same area.
This would, however, imply twice as many Si atoms in
the surface layer, but the relative intensity in the surface-
shifted levels do not appear to be large enough to account
for that.?' If the (100) surface is assumed to be terminat-
ed with the discussed oblique overlayer structure on a
mixed plane, the structural model shown in Fig. 7(d) can
be obtained for one of the domains where the square and
the oblique unit meshes corresponding to the ones in Fig.
1(a) are marked. The positions of the atoms in the over-
layer structure cannot be determined from the LEED
pattern, but have in Fig. 7(d) been chosen as two
different bridge sites relative to the Si sites in the mixed
layer. When trying various possibilities these overlayer
atoms will in general occupy two inequivalent positions,
but it is possible to find equivalent positions, although
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these seem more unlikely.

By assuming perfect bulk termination for the (110) and
(111) surfaces and an overlayer structure for the (100)
surface it is thus possible to obtain Si termination on all
three surfaces. For the (100) surface at least two surface-
shifted Si components can be anticipated especially if the
Si overlayer atoms occupy two inequivalent positions.
For the (110) and (111) surfaces the atoms in the ter-
minating Si layer will, however, experience the same sur-
rounding and the suggested models can therefore explain
the appearance of one surface shifted Si level but not the
occurrence of two shifted components, which is further
discussed below. First we consider what implications
these models have concerning the surface reactivities.

Large differences in the oxidation rate were observed
between the three surfaces investigated and similar
differences have been observed earlier between the (100)
and (110) surfaces of Mo;Si.!* For nickel and palladium
silicides large increases in the oxidation rate were ob-
served!®!? for increasing metal concentration in the com-
positions. It was suggested!® that the metal atoms act as
a catalyst to dissociate the molecular oxygen in more
reactive atomic oxygen. This provided an explanation
why the silicides are much more reactive than pure sil-
icon? and also why the oxidation rate increased with in-
creasing metal concentration. Based on this we would
expect the surface having the highest concentration of Cr
in the surface region to be most reactive towards oxygen.
The models suggested in Fig. 7 have all a surface layer
consisting of Si and a second layer containing Cr. The
(100) surface, which was found to be the most reactive,
has the lowest density of Si in the topmost layer (0.5 Si
atoms/a?, where a is the lattice parameter) and the
highest density of Cr in the second (mixed) layer (2 Cr
atoms/a?). The (111) surface, which was found to be less
reactive, has a slightly higher Si density in the surface
layer (1/v/3~0.6 Si atoms/a?) and the second layer con-
tains also less Cr (V'3=1.7 Cr atoms/a?) than the (100)
surface. Finally the (110) surface, which was found to be
least reactive, has the highest density of Si in the surface
layer (V'2~1.4 Si atoms/a?) and the lowest density of Cr
in the second layer (V2=~1.4 Cr atoms/a?) of the three
surfaces. The experimental observations and the surface
models proposed are thus in agreement with the sugges-
tion that the metal atoms dissociate the oxygen molecules
and increase the reaction rate.

A thermochemical model,>* in which the total shift is
expressed as a sum of partial shifts, has been used earlier
to estimate surface shifts on alloys®* and compounds.?
For Cr;Si,' this model predicts that total loss of coordi-
nation at the surface would result in a surface shift of
—0.38 eV. For perfect bulk terminated (110) and (111)
surfaces the number of nearest neighbors for the Si sur-
face atoms are reduced from twelve to six, predicting a
shift of —0.19 eV. If the (100) surface would be bulk ter-
minated, a shift of % of that value would be predicted.
This was discussed in an earlier investigation'® of the
(100) and (110) surfaces of Mo,Si and the relative size of
the shifts for the major surface components were in that
investigation found to have that relation. In view of the
present results that finding must, however, be considered

to be fortuitous since the model predicts the same shift
for the (110) and (111) surfaces while different shifts are
found experimentally. Negative shifts are observed for
the major surface components on all three Cr,Si surfaces
investigated and are also predicted by this model, but
other factors than the effective coordination at the sur-
face seem to be of importance for the size of the surface
shift.

The second surface-shifted component on the (110) and
(111) surfaces cannot be explained by the structural mod-
els proposed in Fig. 7. Therefore one may speculate
about their origin. Can they, for example, arise from an
extra Si layer diffused to the surface during the annealing
or from relaxation effects. A supporting argument for
the former is that it was observed in an earlier Auger ex-
periment on V,Si(100) (Ref. 16) that the intensity ratio
between V and Si decreased during the annealing when
superstructure spots started to appear in the LEED pat-
tern. We could on the contrary not observe any changes
in the Cr-to-Si Auger signal ratio upon annealings after
an ordered surface had been obtained as checked by
LEED, but this does not exclude the possibility of surface
diffusion before an ordered surface was formed. For the
(100) surface the LEED pattern shown in Fig. 1(a) was
obtained and we could not observe a 1X1 pattern at
lower annealing temperatures. However, since the
structural model proposed in that earlier study must have
been misdrawn [see Figs. 2(b) and 2(c) in Ref. 16] and
since the LEED pattern observed was not shown, we are
uncertain if the reconstruction observed on V;Si(100)
was different from the one we observe on Cr;Si(100). For
CoSi,(111) it has also been shown that sputtered and an-
nealed single-crystal surfaces are Si rich compared to
cleaved surfaces.?% For both CrSi, and CoSi, it was
shown that the intensity of the surface silicon component
increases with increasing annealing temperature’?¢ indi-
cating diffusion of Si to the surface. In general results on
transition-metal silicide bulk crystals show that the sur-
faces are Si terminated,?®?*~2® but questions have been
raised whether it is a single layer or a bilayer. In princi-
ple, this question should be easy to settle from the ob-
served surface to bulk intensity ratio if no diffraction
effects were present.

Pronounced diffraction effects were, however, revealed
in the surface-to-bulk intensity ratio both as a function of
kinetic energy and as a function of electron emission an-
gle (see Figs. 5 and 6) and similar effects were observed
earlier on Mo,Si surfaces.!> These diffraction effects
prevent us from making a simple estimate of the amount
of Si in the surface layers. When combined with theoreti-
cal calculations, photoelectron diffraction effects have
been shown?® 30 to supply valuable structural informa-
tion. Since the kinetic energies involved are low a full
multiple-scattering calculation is needed and at present
we cannot perform such calculations. Extension of this
work into more detailed studies of the energy- and angle-
dependent diffraction effects, including model calcula-
tions, and scanning tunnel microscope investigations for
the purpose to extract information about relaxation
effects and the structure of the terminating layers on
these surfaces is planned.
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V. SUMMARY AND CONCLUSION

Results of high-resolution angle-resolved core-level
photoemission studies of the (100), (110), and (111) sur-
faces of Cr,Si, cleaned by sputter and annealing cycles,
have been reported. Surface-shifted Si 2p levels were re-
vealed on all three surfaces while no surface shifted Cr 3p
could be detected. A curve-fitting procedure using two
shifted components on each surface was used in order to
extract the surface shifted components. Shifts of —0.29
and —0.56 eV for the (100) surface, of —0.42 and —0.77
eV for the (110), and of —0.27 and +0.28 eV for the
(111) surface were extracted. The origin of these shifts
has been discussed.

The LEED pattern from the (100) surface indicated an
overlayer structure, while the diffraction pattern from the
other two surfaces were compatible with perfect bulk ter-
mination. The overlayer structure was suggested to be a
two-domain ¢(V'2 X 2V'2)R 45° structure consisting of Si.

Large differences in the oxidation rate were found for
the different surfaces. All surfaces showed an initial rap-
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id Si oxidation, while Cr oxidation could be detected first
after considerably higher oxygen doses. That these sur-
faces are more reactive than pure Si and that they exhibit
different oxidation rates is in agreement with earlier sug-
gestions that the metal atoms acts as a catalyst to dissoci-
ate the oxygen molecules into more reactive atomic oxy-
gen.

Distinct diffraction effects, both as a function of the
photoelectron kinetic energy and electron emission angle,
were observed in the surface-to-bulk intensity ratio.
These effects prevented us from drawing any conclusions
about the Si content in the terminating layers from mea-
sured surface to bulk intensity ratios.

ACKNOWLEDGMENTS

The authors would like to thank the staff at the MAX
Laboratory for their support during the experiments and
the Swedish Natural Science Research Council for their
financial support.

1S. P. Murarka, Silicides for VLSI Application (Academic, New
York, 1983).

2C. Calandra, O. Bisi, and G. Ottaviani, Surf. Sci. Rep. 4, 271
(1985), and references therein.

3P. Wetzel, C. Pirri, J. C. Peruchetti, D. Bolmont, and G.
Gewinner, Phys. Rev. B 35, 5880 (1987).

4A. Franciosi, D. J. Peterman, J. H. Weaver, and V. L. Moruz-
zi, Phys. Rev. B 25, 4981 (1982).

5P. Wetzel, C. Pirri, J. C. Peruchetti, D. Bolmont, and G.
Gewinner, Surf. Sci. 178, 27 (1986).

6C. C. Hsu, Baoqui Li, and Sunan Ding, Vacuum 41, 690 (1990).

7A. Franciosi, J. H. Weaver, D. G. O’Neill, F. A. Schmidt, O.
Bisi, and C. Calandra, Phys. Rev. B 28, 7000 (1983).

SW. Speier, E. v. Leuken, J. C. Fuggle, D. D. Sarma, L. Kumar,
B. Dauth, and K. H. J. Buschow, Phys. Rev. B 39, 6008
(1989).

9F. Nava, T. Tien, and K. N. Tu, J. Appl. Phys. 57, 2018 (1985).

101 1. Johansson, K. L. Hakansson, U. O. Karlsson, and A. N.
Christensen, Surf. Sci. 251/252, 101 (1991).

11U. O. Karlsson, J. N. Andersen, K. Hansen, and R. Nyholm,
Nucl. Instrum. Methods A 282, 533 (1989).

12p. H. Mahowald, D. J. Friedman, G. P. Carey, K. A. Bert-
ness, and J. J. Yeh, J. Vac. Sci. Technol. A 5, (5), 2982 (1987).

131, 1. Johansson, K. L. Hikansson, P. L. Wincott, U. O.
Karlsson, and A. N. Christensen, Phys. Rev. B 43, 12355
(1991).

14F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A. Yar-
moff, and G. Hollinger, Phys. Rev. B 38, 6084 (1988).

15G. Gewinner, J. C. Peruchetti, A. Jaegle, and A. Kalt, Surf.
Sci. 78, 439 (1978).

16G., Zajac, J. Zak, and S. D. Bader, Phys. Rev. B 27, 6649
(1983).

173, D. Bader, L. Richter, and T. W. Orent, Surf. Sci. 115, 501
(1982).

18§, Valeri, U. Del Pennino, and P. Sassaroli, Surf. Sci. 134,
L537 (1983).

I9A. Cros, R. A. Pollak, and K. N. Tu, Thin Solid Films 104,
221 (1983).

20R. Leckey, J. D. Riley, R. L. Johnson, L. Ley, and B. Ditchek,
J. Vac. Sci. Technol. A 6 (1), 63 (1988).

21F, J. Himpsel, B. S. Meyerson, F. R. McFeely, J. F. Morar,
A. Taleb-Ibrahimi, and J. A. Yarmoff, in Photoemission and
Absorption Spectroscopy of Solids and Interfaces with Syn-
chrotron Radiation, “Enrico Fermi,” Course CVIII, edited by
M. Campagna and R. Rosei (North-Holland, Amsterdam,
1990), pp. 218 and 219.

22E. A. Wood, J. Appl. Phys. 35, 1306 (1964).

23G. Hollinger and F. J. Himpsel, J. Vac. Sci. Technol. A 1, (2),
640 (1983).

24A. Nilsson, B. Eriksson, N. Martensson, J. N. Andersen, and
J. Onsgaard, Phys. Rev. B 38, 10357 (1988).

25T. Komeda, T. Hirano, G. D. Waddill, S. G. Anderson, J. P.
Sullivan, and J. H. Weaver, Phys. Rev. B 41, 8345 (1990).

26J, E. Rowe, G. K. Wertheim, and R. T. Tung, J. Vac. Sci.
Technol. A 7 (3), 2454 (1989).

27A. Franciosi and J. H. Weaver, Phys. Rev. B 27, 3554 (1983).

28H. C. Poon, G. Grenet, S. Holmberg, Y. Jugnet, Tran Minh
Duc, and R. Leckey, Phys. Rev. B 41, 12 735 (1990).

29Y. Jugnet, N. S. Prakash, L. Porte, Tran Minh Duc, T. T. A.
Nguyen, R. Cinty, H. C. Poon, and G. Grenet, Phys. Rev. B
37, 8066 (1988).

30R. A. Bartynski, D. Heskett, K. Garrison, G. Watson, D. M.
Zehner, W. N. Mei, S. Y. Tong, and X. Pan, J. Vac. Sci.
Technol. A 7 (3), 1931 (1989).



INTENSITY (arb.units)

BINDING ENERGY (eV)

FIG. 2. Si 2p core-level spectra recorded at normal emission
from (a) the (100) surface, (b) the (110) surface, and (c) the (111)
surface using a photon energy of 130 eV. The dotted curves
show the recorded data points, the solid curves represent the re-
sult of the curve fitting procedure, and the shaded curves show
the extracted bulk (dark) and surface shifted (lighter) com-
ponents.
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FIG. 7. (a) The unit cell of Cr;Si where the large gray circles
represents Cr atoms and the small black circles represents Si
atoms. The top and side view of the low index surfaces are
shown in (b)—(d) when assuming perfect bulk termination with
Si in the surface layer for the (110) and (111) surfaces and a Si
overlayer for the (100) surface.



