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Valence-band density of states of near-noble-metal (Ni,Pd,Pt) monosilicides
by using soft-x-ray-emission spectroscopy
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We have focused our attention on the valence-band density of states (VB-DOS) of near-noble-metal
monosilicides (NiSi, PdSi, and PtSi) from the study of soft-x-ray-emission spectroscopy. These three sili-
cides have several similarities, i.e., electron configuration for each metal atom and crystallographic
structure of each silicide. However, the spectral shape of the Si L, ; emission, which has information of
the Si s and/or the d VB-DOS, of each silicide has indicated the clear differences from each other.
Moreover, it is shown that these characteristics are closely related to the features observed in the Si p
state derived from Si K emission spectra. From the spectral analysis related to the energy difference
between Si p bonding and antibonding states considering the interaction strength of the Si p-metal d of
each silicide, the influence of Si-Si interatomic distance on the value of the full width at half maximum of
the Si s bonding state and the Si s and/or d contribution on the upper part of the VB-DOS structure, we
have suggested a valence-band structure of near-noble-metal monosilicides.

I. INTRODUCTION

Soft-x-ray-emission band spectra of Si in metal silicides
provide useful information on a valence-band density of
states (VB-DOS), which includes a partial projection of
the electronic structure of metal silicides. The study of
metal silicide by using conventional photoelectron spec-
troscopy gives a picture of the total VB-DOS below the
Fermi level. On the other hand, soft-x-ray-emission spec-
tra, i.e., Si L, ; and Si K3, give more detailed informa-
tion because of their site and symmetry selectivity; they
relate directly to the partial VB-DOS on the Si atoms.'
In many reports,? it has been considered to be confirmed
that the structure of the VB-DOS of metal silicides is as
follows. (a) The upper part of the valence band is mainly
constructed by the Si p and metal d bonding and anti-

TABLE I. The lattice parameters of orthorhombic near-
noble-metal monosilicides (NiSi, PdSi, and PtSi).

Lattice parameter (nm)
a b c Ref.
NiSi 0.5233 0.3258 0.5659 11
PdSi 0.5599 0.3381 0.6133 12
PtSi 0.5595 0.3603 0.5939 12
0163-1829/94/50(16)/11564(6)/$06.00 50

bonding states. (b) The lower part of the valence band is
formed by the nonbonding Si s state. However, several
recent observations using the study of soft-x-ray emission
suggest that the Si s and/or the d states extend to the
upper part of the valence band.>!° Therefore, the obser-
vation of the partial VB-DOS is necessary for us to dis-
cuss the VB-DOS of a metal silicide.

In this study, we have focused our attention on the
VB-DOS of near-noble-metal (Ni,Pd,Pt) monosilicides ex-
amined by soft-x-ray-emission spectroscopy (SXES).
These metal atoms have the same electron configuration
on each d orbital, i.e., Ni:3d,'° Pd:4d,'* and Pt:54.'°
Moreover, NiSi, PdSi, and PtSi have more interesting
similarity in the crystal structure. Each silicide has an
orthorhombic MnP structure, which has the same coordi-
nation number, and the lattice parameters are almost
comparable to each other as shown in Table I. There-
fore, the comparison of the VB-DOS for these silicides
will give important information on the valence-band
structure of a metal silicide.

II. EXPERIMENT

Near-noble-metal monosilicide samples were prepared
by an ordinary solid phase reaction on single-crystal Si
substrates. After degreasing of the Si substrate in organic
solvents, and removing an oxide layer in buffered HF,
each metal layer, i.e., Ni, Pd, and Pt, was deposited in a
vacuum chamber with the pressure of ~107° Pa by eva-
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poration. The metal (film ~ 100 nm)/Si (substrate) sam-
ples were heat treated in an electric furnace under N,
and/or H, gas flow. A film thickness of deposited metal
was estimated by the formed silicide thickness. In order
to obtain the single-phase silicide layer, the heat-
treatment temperature for each metal silicide was select-
ed as follows: NiSi, 600°C; PdSi, 900°C; and PtSi,
700°C. The growth of each near-noble-metal monosili-
cide film was ascertained by x-ray diffraction analysis.
SXES experiments were carried out by means of an x-
ray spectrometer, '’ which consists of an electron gun, a
grating monochromator, a crystal monochromator, an
exit slit, an x-ray detector, and a sample stage. The
gold-coated grating monochromator was set on a Row-
land circle. The incident electron beam energies E, were
controlled between 0.5 and 30.0 keV, where the beam di-
ameter was ~1 um. The incident electron beam energy
was controlled for the x-ray production region to be only
in the silicide layer. We measured several SXES spectra
for near-noble-metal monosilicides, i.e., Si L, 3, Si KB,
and Si Ka emission. Si L, ; and K emission band spec-
tra have given the VB-DOS information of each silicide.
Si Ka emission, i.e., core transitions, have been used for
the determination of the Fermi level E on each spectra.

III. RESULTS

Si KB and Si L, ; emission band spectra for NiSi, PdSi,
and PtSi are shown in Figs. 1 and 2, respectively. It
should be noted that each spectrum has two prominent
peaks as designated by Ai, Bi, Ci, and Di. We will come
back to this point later.

IV. DISCUSSION
A. Comparison with existing theoretical study

For the sake of discussion, in Figs. 3, 4, and 5, the Si
K B emission spectra [Figs. 3(a), 4(a), and 5(a)], and the Si
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FIG. 1. Si KB emission spectra of near-noble-metal monosili-
cides (a) NiSi, (b) PdSi, and (c) PtSi.
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FIG. 2. Si L, ; emission spectra of near-noble-metal monosil-
icides (a) NiSi, (b) PdSi, and (c) PtSi.

L,; emission spectra [Figs. 3(b), 4(b), and 5(b)], are
shown in comparison with proposed theoretical partial
VB-DOSs, i.e., the Si s,p contribution [Figs. 3(c), 4(c),
and 5(c)] for NiSi, PdSi, and PtSi, respectively, where the
adopted theoretical method is the iterative extended
Huckel theory (IEHT).'? Each SXES spectrum is sub-
jected to linear background substraction and normalized
at the maximum intensity. The abscissa is scaled by the
binding energy on the basis of the Fermi level, which is
set using the Si KB and Si Ka emission and the binding
energy of the Si 2p core level determined by x-ray photo-
emission spectroscopy (XPS). 14
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FIG. 3. Soft-x-ray emission spectra of NiSi, i.e., (a) Si KB
emission and (b) Si L, ; emission. (c) is the theoretical partial
VB-DOS (Ref. 12).
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FIG. 4. Soft-x-ray-emission spectra of PdSi, i.e., (a) Si KB
emission and (b) Si L, ; emission. (c) is the theoretical partial
VB-DOS (Ref. 12).

The SXES spectra of the NiSi, Si Kf3 emission spec-
trum [Fig. 3(a)], which reflects the partial VB-DOS with
Si p symmetry, has the following features: (a) a broad
peak at binding energy E,~ —3 eV, and (b) a small
shoulder near the Fermi level. These structures are con-
sidered to be caused by the Si p state due to Si p and Ni d
bonding and antibonding states in the valence band. It
seems that the theoretical prediction for the Si p VB-DOS
[Fig. 3(c)] cannot explain very well the present experi-
mental results, especially, the double-peaked structure
below the Fermi level, which has been shown in Fig. 1(a),
and does not appear in Fig. 3(c). Such disagreement will
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FIG. 5. Soft x-ray emission spectra of PtSi, i.e., (a) Si K3
emission and (b) Si L, ; emission. (c) is the theoretical partial
VB-DOS (Ref. 12).
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be discussed in the last part of this section. The Si L, ,
emission spectrum of NiSi [Fig. 3(b)] shows several
characteristics as follows: (c) a prominent peak at
E,~—8¢V, and (d) a terrace from E;, ~—6 to —0.5 eV.
The theoretical Si s state is almost coincident with feature
(c) above of the experimental Si L, ; emission spectra,
where they have a small difference in the binding energy.
However, this theoretical prediction tells nothing about
the terrace observed in the Si L, ; emission spectrum,
feature (d) above, which is considered to correspond to
the upper part of the valence band of NiSi.

In Fig. 4, the theoretical partial VB-DOS of PdSi is
shown for discussion. The Si K8 emission spectrum [Fig.
4(a)] shows a double-peaked structure, whose peak posi-
tions are at Ej~ —5.5 and —2.5 eV. This feature is con-
sidered to indicate clearly that the Si p VB-DOS splits
due to the Si p —Pd d bonding and antibonding structure.
The energy position of the theoretical partial VB-DOS of
Si p symmetry [Fig. 4(c)] corresponds almost to Si p
bonding structure derived by this Si K3 emission. How-
ever, the double-peaked structure does not clearly appear
in the theoretical VB-DOS of Fig. 4(c). This difference
will also be discussed in the last part of this section. The
Si L, ; emission spectrum of PdSi [Fig. 2(b)] has the fol-
lowing features: (e) a prominent peak at E, ~ —9 eV, (f)
a terrace at E,=—2 to —7 eV with a small peak at
E,=—5.5 eV, and (g) another peak at E,~—1 eV. It
can be concluded that the prominent peak at E, to —9
eV, feature (e) above, reflects the partial VB-DOS of the
Si s bonding states, which coincides with the theoretical
observation, Fig. 4(c). The signal of the terrace and the
small peak at E, = —2 to —7, feature (f) above, is due to
the superposition of the Si L, ; emission and the third-
order line of Pd L&, emission.® However, the origin of
the signal at the middle and upper part of the Si L, ;
emission, i.e., the signal around the peak at E, ~ —1 eV,
is not clear. The theoretical calculation [Fig. 4(c)] shows
the nonexistence of Si s states in the upper part of the
VB-DOS.

The VB-DOS of PtSi has meaningful features as can be
seen in Fig. 5. The Si KB emission spectrum [Fig. 5(a)]
shows a broad peak at E,~—7 eV and a shoulder at
E,~ —2 eV. These features can again be referred to the
Si p VB-DOS due to the Si p —Pt d bonding and antibond-
ing states. The peak position of theoretical partial VB-
DOS of Si p symmetry also corresponds to the Si p bond-
ing structure explored by this Si K3 emission. However,
the theoretical prediction is not enough to explain the
shoulder structure, i.e., Si p—-Pt d antibonding state.
Such disagreement will also be discussed in the last part
of this section. The Si L, ; emission spectrum of PtSi
[Fig. 5(b)] has interesting features, described as follows:
(h) a prominent peak at E,=—11 eV, (i) a terrace at
E,=—2to —9 eV, and (j) another peak at E,~ —1 eV.
It can be concluded that the prominent peak at E, ~ —11
eV, feature (h) above, mainly reflects the partial VB-DOS
of Si s bonding states, which agrees with the theoretical
observation [Fig. 5(c)]. However, the origin of the signal
at the middle and upper part of the Si L, ; emission, i.e.,
E,=0to —9 eV, is again not clear. The theoretical cal-
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culation [Fig. 5(c)] is not able to explain the existence of
Si s and/or d states in the upper part of the VB-DOS.
Considering the differences between the SXES spectra
and the theoretical VB-DOS of three silicides, we should
discuss the discrepancy between the experimental results
and the theoretical calculation. The Si K emission spec-
tra, which reflect the partial VB-DOS of Si p states, i.e.,
Si p bonding and antibonding states, correspond well with
other experimental results, i.e., SXES (Ref. 15) and XPS
(Ref. 16). The theoretical calculation using the augment-
ed plane wave (APW) method has shown a good agree-
ment with the experimental Si K3 emission spectra of Ti,
Cr, Co, and Ni silicides,’ except for the slight difference
depending on the self-energy effects. Therefore, it is con-
sidered that the IEHT calculation is not able to explain
all of the partial VB-DOS structure of metal silicides.
Especially, the upper part of the VB-DOS structure de-
rived by Si L, ; emission has never been predicted by the
IEHT calculation. Although the APW calculation has
shown the existence of Si d states near the Fermi level in
the case of several metal silicides, the VB-DOS’s of three
near-noble-metal monosilicides have not yet been
clarified. The VB-DOS structure of these silicides will be
discussed systematically in the following section.

B. Energy difference between bonding
and antibonding states of Si p partial VB-DOS

The partial VB-DOS of each near-noble-metal monosil-
icide has the information useful in interpreting the de-
tailed structure of its valence band. The study of the Si
K B emission spectrum, as discussed above, gives informa-
tion on the Si p bonding and antibonding states due to Si
p-metal d bond formation, which is in agreement with
what has been believed so far.31%1%16 In this section we
have mainly paid attention to the Si p—metal d bonding
states of near-noble-metal monosilicides from the view-
point of energy difference between bonding and antibond-
ing: Ep, 4.

Figure 1 shows the comparison of the Si KB emission
spectra of three near-noble-metal monosilicides. In this
figure, the Si p bonding and antibonding states for each
silicide are indicated by the vertical solid lines which
designate the bonding states (B1-B3) and antibonding
states (A1-A43). The energy position of each state is
calculated by a spectral deconvolution assuming each
peak is a Gaussian function. It has been considered that
the energy difference between the Si p bonding and anti-
bonding states Ep,, directly depends on the interaction
strength of the Si-metal atom bonding.'® In Fig. 6, E , ,
of three silicides measured by the Si K3 emission spectra
are plotted in comparison with the results of either SXES
(Ref. 15) or XPS (Ref. 16) where the Ep,, values mea-
sured by the SXES study are almost in agreement with
those of previous reports.!>!® The abscissa of Fig. 6
shows the heats of formation (kcal/metal atom):—dH , "
which describes the thermodynamical measure of the
bonding strength of each silicide. The value of Ep, 4 in-
creases with the increase of the heat of formation, which
shows that E; , , depends on the bonding strength.

Next, we have tried an estimation of the interaction
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FIG. 6. The energy differences Ep,, for the Si p state be-
tween bonding and antibonding states of near-noble-metal
monosilicides as a function of the heats of formation of silicides.

strength of Si p—metal d bonding by calculating the fol-
lowing interatomic matrix element: V), which is pro-
duced by the transition-metal pseudopotential theory, '*
32
# T4
Vldmznldm; Pz M

Vpio and V4, which reflect the interaction strength of Si
p-metal d bonding and antibonding, respectively, are
given by the constants 7,,,(= —2.95) and 7,,,(=1.36)
obtained from Mattheiss’s APW calculation. r; is the
metal d-orbit radius and d is the nearest-neighboring Si-
metal atom distance. Table II shows the several parame-
ters and calculated interatomic matrix elements, i.e.,
Vodos Vpam and AV(=V,;.—V,4,), of three near-noble-
metal monosilicides. V,;, of each silicide indicates the
interaction strength, which corresponds almost to the
heat of formation. The behavior of AV also shows an
agreement with that of the energy difference Ep,, de-
duced from the Si K3 emission spectra of three silicides.
Considering the experimental results and theoretical cal-
culation, it can be said that there is a close relationship
between the energy difference Ep,, and the interaction
strength of Si p —metal d bonding.

TABLE II. The calculated interatomic matrix elements using
Eq. (1); Viios Vipam and AV(=V,;,—V,4,). For r; and d, see
text.

1] (nm) d (nm) Vpda Vpdﬂ AV(= Vpdﬂ_ Vpda)
NiSi  0.071 0.2334 —0.692 0.319 1.011
PdSi 0.094 02487 —0.845 0.389 1.234
PtSi 0.104 0.2510 —0.952 0.439 1.391
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C. Relationship between the partial VB-DOS
for each near-noble-metal monosilicide — — —
and the Si-Si interatomic distance NiSi PdSi PtSi

The three silicides have similar crystallographic prop-
erties, i.e., the same crystal structure (MnP structure), the
same number of coordination, etc. Therefore, the intera-
tomic distance between neighboring atoms should have
an important effect on the VB-DOS in the silicide struc-
ture. Table III(a) lists the average interatomic distances
between the Si and Si atom, d[Si-Si], between the Si and
metal atom, d[Si-M], and between the metal and metal
atom, d [M-M], in the unit cell of each silicide. Figure 7
shows the unit cell of MnP structure. Table III(b) shows
d [M-M] in each pure metal. One can see that the d [ M-
M] in each pure metal, which directly reflects the atomic
radius of each metal atom, has a certain correlation with
d[Si-M] and d[M-M] in three silicides. In addition,
d[Si-Si] is affected by the atomic size of metal element,
i.e., Ni, Pd, and Pt, in the near-noble-metal monosili-
cides. Therefore, we will try to discuss the relationship
between the Si s derived VB-DOS of the metal silicides
and the interatomic distances.

Figure 8 shows the relationship between d[Si-Si] and
the full width at half maximum (FWHM) value of the Si s
bonding states, FWHM ([Si s], i.e., those of D1-D3 in
Fig. 2. The values of FWHM (Si 5] are directly measured
on the Si L,; emission spectra of three silicides. The
FWHM [Si s], which is considered to relate directly to
d[Si-Si] in each silicide, shows the clear difference among

TABLE III. (a) Interatomic distances d (nm) between each
element for three near-noble-metal monosilicides and (b) nearest
interatomic distance of the metal-metal atom for each pure met-
al.

(a)
NiSi PdSi PtSi
d[Si-Si] 0.347 8 0.3699 0.374 1
d[Si-M] 0.2334 0.2487 0.2510
d[M-M] 0.2847 0.3020 0.3073
(b)
Ni Pd Pt
d[M-M] 0.249 17 0.27505 0.27741

FIG. 8. The relationship between the interatomic distances
of Si-Si, d[(Si-Si)], and the FWHM value of Si s bonding states,
FWHM ([Si 5], of three near-noble-metal monosilicides.

three near-noble-metal monosilicides. The FWHM [Si 5]
value for NiSi is considerably larger than those of PdSi
and PtSi, which can be explained as follows. The
strength of the Si-Si bonding is considered to increase
with decreasing d[Si-Si], which enhances the amount of
the wave-function overlap of the Si s states to result in
the increase in the FWHM [Si s] in NiSi. On the other
hand, for PdSi and PtSi, the difference in d[Si-Si] is not
remarkable, which is consistent with the fact that the
FWHM (Si 5] values are almost the same. Such an iden-
tical situation for PdSi and PtSi will be the origin of the
similarity in the Si L, ; emission spectra [Figs. 2(b) and
2(c)].

D. The origin of the upper part of VB-DOS
explored by Si L, ; emission

Si L,; emission spectra of three near-noble-metal
monosilicides are compared in Fig. 2. According to the
Si L, ; emission band spectra for the silicides, it can be
said that there is a great difference between the one for
NiSi and those for PdSi and PtSi, especially on the upper
part of the valence band. Though several SXES reports
on Si L, ; emission bands have appeared to consider con-
tribution of Si s and/or d states to the VB-DOS by the di-
pole selection rule,> the clear explanation of the origin of
the upper part of the VB-DOS structure has only been re-
ported for several limited metal silicides.® "!® Except
for NiSi, which has been explained as a Si s antibonding
state existing near the Fermi level,>* the upper part of
VB-DOS’s of several other silicides are explained by the
existence of Si d states which are formed by the bonding
state with the metal d orbital. An earlier report’ has in-
dicated that such a Si d contribution is in some way
linked to the diffuse nature of metal d states which could
lead to enhanced tailing onto the Si site. In general, the
metal d character becomes more remarkable with in-
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creasing size of the metal d orbital.

Near-noble-metal monosilicides constitute a typical
system, where sizes of metal d orbitals are different. The
upper-part structure of the VB-DOS becomes more re-
markable with increasing size of the metal d orbital from
NiSi to PtSi through PdSi. This behavior may indicate
that the upper part of the VB-DOS’s of three silicides de-
rived from Si L, ; emission are constructed by bonding
with the metal d state. Comparing the theoretical predic-
tions of Si d contribution as the bonding state with metal
d state in other silicides, we consider that the relative
weight of the Si d state to bonding is large. However, the
role of the Si s state in bonding with metal d is unclear
for near-noble-metal monosilicides. Further (theoretical)
studies will help the full understanding of the Si L, ;
emission spectra for the near-noble-metal monosilicides.

V. SUMMARY

In this study, we have tried to clarify the VB-DOS of
NiSi, PdSi, and PtSi. These three silicides have quite
similar properties, i.e., the crystal structures and the elec-
tron configurations of metal elements are similar. We
suggest the structure of the VB-DOS’s of near-noble-
metal monosilicides, i.e., NiSi, PdSi, and PtSi, using Si
KB and L,; SXES experiments data, whose properties
were not able to be explained quite well by previously re-
ported theoretical calculation. The features of VB-DOS
of each silicide have been explained as follows.
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(1) Si KB emission spectra of three silicides have clearly
shown on the Si p bonding and antibonding states, of
which energy difference is concluded to depend on the
heat of formation, —dH/, of the silicides. The —dH/ is
clarified to relate closely to the interaction strength of
each Si-metal atom bonding. Such a property is almost in
agreement with theoretical calculation.

(2) The interatomic distances of Si-Si, d[Si-Si], have a
significant relationship with the wave-function overlap of
the Si s bonding state. The increase of FWHM ([Si s]
bonding state with decreasing d[Si-Si] indicates that the
d[Si-Si] gives the influence on the spread of Si s related
VB-DOS in energy.

(3) 1t is derived from the Si L, ; emission that the in-
crease of the Si s and/or d derived VB-DOS of the sili-
cides at the upper part is closely related with the increase
in the size of the metal d orbital. The VB-DOS’s are con-
sidered to be constructed by the bonding state, i.e., Si s
and/or d, with metal d state.
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