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Photoabsorption spectra of tetrachlorosilane, tetramethylsilane, and tetrafluorosilane have been
measured using synchrotron radiation in the 1830—1900-eV photon-energy range, i.e., in the vicinity
of the silicon 1s edge. Intense resonances are observed in the discrete and the continuum part of the
spectrum, and compared with previously published photoabsorption spectra obtained near the silicon
2s and 2p edges. Resonances in the discrete part of the spectrum are qualitatively interpreted using
structural and electronic properties of the core-equivalent PX, (X =F, CHj;, or Cl) phosphoranyl
radicals. The interpretation of features in the continuum are discussed in terms of shape resonances,

within the tetrahedral geometry.

I. INTRODUCTION

Many of the resonances which are generally observed in
core-level photoabsorption spectra of molecules occur
equally in the gas and solid states.""? They are of particu-
lar interest because either they are quasidiscrete excited
states resulting from the promotion of a core electron
(thus localized on an atomic site) into a low-lying empty
molecular orbital, or they are shape resonances® resulting
from the anisotropy of the molecular field experienced by
the outgoing core electron. Actually, this classification is
somewhat artificial because some core excited states may
well be described using the shape resonance picture.
Nevertheless, for the sake of clarification, we will distin-
guish resonances in the discrete as type I, from resonances
in the continuum as type II. Both kinds of resonances
differ from Rydberg states> and multiexcited states® be-
cause the latter appear often as much weaker structures’
and Rydberg states almost disappear for nonhydride mole-
cules® and in spectra obtained in the condensed phase.!

These two types of resonances nicely combine atomic
and molecular character because they are specific of a
given atomic-core spectrum and they give an image of the
electronic structure of the molecule through their energy
E, intensity, and width. For each resonance one defines a
term value T;=P; —E, where P; is the ionization poten-
tial of the considered core electron i. Using a simple
model for type-1 resonances, as discussed recently,!® T;
is directly related to the energy €, « of the empty valence

orbital k*, measured with respect to vacuum level by the
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relationship T =g, «+J(ik*)—K (ik*)+ 4, where 4 is
the difference between core relaxation and correlation ef-
fects in the ion and in the core-excited neutral molecule,
and J(ik*) and K (ik*) are the usual Coulomb and ex-
change integrals. If one assumes in a first approximation
that the J(ik*)—K (ik*)+ 4 contribution is independent
of the core hole, one can compare directly for a given
molecule the relative energies of resonances, measured
near different core edges.°~!* This transferability of
term values is very useful for assigning experimentally the
symmetry of the empty (or virtual) molecular orbital, be-
cause each of them can be populated from different core
levels and one can use electric-dipolar-transition selection
rules.

Another important property of core-excited molecular
states (type-I resonances) is contained in the equivalent-
core approximation'#!> In this model, the valence-
electron cloud “feels” the core as it was replaced by the
subsequent atom in the Periodic Table. Moreover, the
number of valence electrons increases by one. Conse-
quently, term values measured in a core photoabsorption
spectrum of a given molecule can be compared directly
with those of the equivalent core species, but measured for
valence excitation. This model has been very successful
analyzing resonances near core edges in diatomic'®!” and
even triatomic molecules.!®%1°

In this paper, we present what may be the first photo-
absorption spectra of tetramethylsilane (TMS), Si(CHj;),,
and tetrafluorosilane SiF,, obtained near the silicon 1s
edge, around 1850 eV photon energy. We also present the
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Si 1s photoabsorption spectrum of tetrachlorosilane SiCl,,
which will be compared with the early work of Mott.2°

To interpret the observed resonances:

(i) We compare the present Si 1s (or K) spectra with
other available photoabsorption spectra and electron-
energy-loss-spectra (EELS) or photofragmentation spectra
(mass spectrometry technique) obtained near other core
edges of the central atom, i.e., Si 25 (Si L) for TMS (Ref.
21) and SlF4 (Ref. 1), Si Zp (or Si LII,III) for SIC14 (Ref.
22), TMS (Refs. 21, 22, and 24), and SiF, (Refs. 1, 25, and
26). We will be using available calculations made either
for the discrete or for the continuum part of the spectrum
in SiF, (Refs. 1, 9, 27, and 28) and SiCl, (Refs. 27 and 29).

(ii) We compare for each molecule the core spectra with
the equivalent core species PX, (X =F, CHj, Cl) where
the phosphorus atom replaces the silicon with a core va-
cancy.'* Special emphasis is placed on the structural
properties of such compounds, which must be taken into
account'® for applying the core-equivalent model. Here,
we consider the special case of multicoordinated systems,
for which large differences of equilibrium geometry be-
tween the initial Si X, and the core excited Si X,* states,
explain the general features of core-photoabsorption spec-
tra.

II. EXPERIMENTAL

Photoabsorption spectra were obtained using an experi-
mental setup described previously,'% installed at Labora-
toire pour I'Utilisation du Rayonnement Electro-
magnétique (LURE), using synchrotron radiation from
the Anneau de Collisions d’Orsay (ACO) storage ring.
Briefly, a double-crystal mounting monochromator
(—1,4+1), ,equipped with two InSb(111) crystals
(2d =7.46 A) provides a photon beam with an intensity
of the order of 10° photons/s in a 0.4-eV band pass,
around 1850 eV. This monochromatic beam passes
through a 143-mm cell limited by two 10-mm-diameter
windows made of 1-um-thick polypropylene, whose
transmission, in the considered spectral range, is better
than 90%. The thickness of the windows is sufficient to
bear the pressure difference between the cell (a few torr)
and the monochromator (10~ torr). The detection of the
transmitted x-ray beam is ensured by a flow-proportional
counter filled with a 90-10 argon-CH, mixture at the pres-
sure of 400 torr.

Tetramethylsilane (TMS), normally a liquid at room
temperature, is commercially available from the Janssen
Chemical Company with a purity of 99.9%. It was used
without further purification other than repeated freeze-
pump thaw cycles to remove dissolved gases. SiF, and
SiCl,, gases at room temperature, are commercially avail-
able from Prodair Company with a purity of 99.5% and
99.999%, respectively. They were introduced in the cell
without further purification. Typical pressures were
varied between 1 and 10 torr, in order to avoid “pressure
effect” and to have a good contrast between the spectral
features under study and the continuum.

The transmitted spectrum through the full (I) and
empty cell (I,) were obtained by scanning automatically
the photon wavelength in two successive runs. Correc-
tions for the decay of the source radiation were introduced
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in the course of data reduction. The absorption spectra
are extracted simply from In(Z,/I) and put on a relative-
intensity scale. The photon-energy calibration was deter-
mined from the measured Bragg angles, corrected for zero
errors and crystal dispersion. For this energy calibration
we have recorded the spectrum near the silicon K edge of
a solid screen of SiC:H and compared it to the spectrum
obtained by Senemaud®? by means of a 25-cm bent crystal
spectrograph equipped with a gypsum crystal and cali-
brated with the M3 emission line of tungsten. This cali-
bration has an accuracy of +0.5 eV for the absolute ener-
gies.

III. RESULTS

The photoabsorption spectra of the three molecules
SiCly, TMS, and SiF, in the vicinity of the silicon 1s ioni-
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FIG. 1. (a) Silicon 1s (this work), (b) silicon 2s (Ref. 1), and
(c) silicon 2p (Ref. 1) photoabsorption spectra of SiF,. The cross
sections are in arbitrary units for (a) and in absolute units for (b)
and (c). Full spectra are reported in insets in (a) and (c). The
three edges are aligned on a vertical line and the photon energy
axes have been drawn on the same relative energy scale. The
resonance maxima are indicated by numbers.
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zation edge region are described in detail below. This
method provides the energies of the resonances on an ab-
solute scale as seen in Sec. II. Because the understanding
of the present results is also based upon knowledge of 1s-
ionization thresholds, we also present in this section a
critical analysis of experimental values of Si 1s edges ex-
tracted from x-ray emission or x-ray photoelectron spec-
tra.
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FIG. 2. (a) Silicon 1s (this work) photoabsorption spectrum
of tetramethylsilane, (b) electron energy loss spectra (Ref. 21),
and (c) selected photofragmentation spectra (Ref. 22) near the
silicon 2p edge. The full spectra are reported in insets. The two
edges are aligned on a vertical line and the photon energy axes
have been drawn with the same relative scale. The resonance
maxima are indicated by numbers [Figs. 2(a) and 2(c)].
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A. Photoabsorption spectra

We present in Fig. 1(a) the experimental absorption
spectrum of SiF, obtained in the 1843—1856-eV photon-
energy range, at a cell pressure of 2 torr. The full spec-
trum (1840—1880 eV) is reported in the inset of the figure.
We observe two intense resonances (labeled 2 and 3) in
Fig. 1(a) in the discrete part of the spectrum, respectively
located at 1846.8 and 1848.0 eV. A much weaker struc-
ture is observed at 1844.3 eV [labeled 1 in Fig. 1(a)]. In
addition, a wide resonance is observed in the continuum at
1863 eV with a shoulder at 1856 eV and extending over
~12 eV.

We also present available photoabsorption spectra of
SiF, obtained near the Si 2s [Fig. 1(b)] and the Si 2p [Fig.
1(c)] edges, by Friedrich et al.! The energies of these res-
onances (this work and Ref. 1) are reported in Table 1.

We present in Fig. 2(a) the first experimental absorption
spectrum of TMS obtained in the vicinity of the Si ls
edge, in the 1840—1849-eV photon-energy range, at a cell
pressure of 5 torr. The full spectrum (1834—1888 V) is
reported in the inset of the figure. In the discrete part of
the spectrum we observe a single resonance located at
1841.7 eV. This resonance is not symmetric and shows a
tail on the high-energy side. The second resonance is, in
contrast, observed in the continuum at 1852.1 eV and ex-
tending over ~12 eV.
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FIG. 3. (a) Silicon 1s (this work) and (b) silicon 2p (Ref. 23)
photoabsorption spectra of SiCl,. The full spectra are reported
in insets. The Si 1s and Si 2p edges are aligned on a vertical line
and the photon energy axes have been drawn with the same rela-
tive scale. The resonance maxima are indicated by numbers.
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We also present in Fig. 2(b) the Si 2p EELS obtained by
Sodhi et al.*' and the Si(CH;),* and CH;* fragment
photoionization yield obtained by Morin?? using the mass
spectrometry method combined with tunable synchrotron
radiation in the vicinity of the Si 2p edge. The resonance
maxima of Fig. 2(b) appear as more or less regularly
spaced weak features. They have been fully confirmed by
Morin?? [Fig. 2(c)] who actually saw evidence of addition-

al structure at lower energy and resolved the third feature
observed by Sodhi er al.?! into two structures. The last
feature reported by Sodhi et al.?' right above the 2p;,,
edge was found to be 1 eV toward higher energies by Mo-
rin and is considered to be part of the continuum. We
have chosen then to renumber the six features of the
discrete spectrum as reported in Fig. 2(c) and separate
them into two groups associated with the % and % spin-

TABLE 1. Absolute energies (eV), term values (eV), and proposed assignments (virtual orbital) for

resonances observed in the inner-shell spectra of SiF,.

(a) Silicon 1s (photoabsorption, this work)

Energy Term value Assignment?®
Peak (eV) eV) C,, or T,
1 1844.3 8.0 ay
1846.8 5.7 . x %
3 1848.0 43 bi.bi.ai
P® 1852.5 0
4 1856 -3.7 t3
5 1863 —10.7 t3
(b) Silicon 2s (photoabsorption, Ref. 1)
Energy Term value Assignment,® this work
Peak (eV) (eV) C,,
1 160 3.6 unresolved (b7,b3,at)
P® 163.6
(c) Silicon 2p (photoabsorption, Ref. 1)
Assignment,® this work
Energy Term values C,y, or T,
3 1 3
Peak (eV) 5 3 3 %
1 106.13 5.47 at
Iy 106.68 5.53 at
2 108.4 32
2! 108.9 33
3 109.4 2.2 bf,by,a}
3 110.0 22 bY¥,b¥,at
4 110.7 0.9
4 111.4 0.8
3P 111.6 0
TP 112.21 0
5 117.2 —5.34 e*e
6 133 —21.1¢ t¥e

*This assignment is made using the C,, symmetry group for type-I resonances and T, for type-II reso-

nances.
See text.
‘Reference 34.

9Using an average value for the 2p; 5, 2p1,, components.

‘Reference 23.
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orbit components expected from the 2p hole. All reso-
nance maxima are indicated by numbers and their ener-
gies are reported in Table II. Notice that the Si 2s EELS
has been measured by Sodhi et al.?! However, the ex-
tremely small amplitude of the 2s resonances prevented us
from reproducing the spectrum in Fig. 2. Nevertheless,
this observation will be included in the discussion.

We now present in Fig. 3(a) the experimental absorption
spectrum of SiCl, obtained in the 1837—1873-eV photon-
energy range, at a cell pressure of 10 torr. The extended
spectrum up to 1900 eV is shown in the inset. The gen-
eral shape of this spectrum is in good agreement with the
previously published data of Mott,*® which, however, were
presented only on a photon-energy scale relative to the
first strong resonance.

We observe an intense and sharp resonance at 1843.8 eV
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accompanied by a less-intense one at 1848.8 eV which be-
long to the discrete part of the spectrum. We also ob-
serve, in the continuum, at 1855.5, 1858.3, and 1872.6 eV,
three other resonances, the high-energy one being much
broader than the two low-energy ones. Notice that the
1858.3-eV resonance reported here was not observed by
Mott?® probably because of poorer resolution. We also
present in Fig. 3(b) the photoabsorption spectrum of SiCl,
near the Si 2p edge, obtained by Zimkina and Vinogra-
dov® in the 100—135-eV photon-energy range.

B. Core ionization edges

In order to identify the discrete part of the present pho-
toabsorption spectra, we have used exclusively experimen-
tal values of core ionization edges for the three molecules

TABLE II. Absolute energies (eV), term values (eV), and proposed assignments (virtual orbital) for resonances observed in the

inner-shell spectra of TMS.

(a) Silicon 1s (photoabsorption, this work)

Energies Term value Assignment?®
Peak (eV) (eV) C,, or T,
1 1841.7 4.4 unresolved b7 ,b5,at
P® 1846.1 0
2 1852.1 —6.0 ty
(b) Silicon 2s (EELS, Ref. 21)
Assignment,” this work
Energies Term value (virtual orbital)
Peak (eV) (eV) C,, or Ty
1 155.07 2.83 unresolved b ,b5,af
P° 157.9 0
2 173 —15.1 tye
(c) Silicon 2p (EELS, Ref. 21 and photoionization yield, Ref. 22)
Term value (eV) Assignment,® this work
Energy (eV) Ref. 21 Ref. 22 Cy, or Ty
Peak Ref. 21 Ref. 22 3 + 3 T 3 T
1 103.0 2.94
V 103.6 103.64 2.95 291
2 104.19 104.18 1.75 1.76 bf,by,af
2 104.73 104.61 1.82 1.94 bt,b3,af
3 104.88 1.06
3 105.45 105.55 1.10 1.0
$P° 105.94 0
5P¢ 106.55 0
4 105.97 107.0 0.58 —1.06 e*cd
5 124.1 —17.86° tye

*This assignment is made using the C,, symmetry group for type-I resonance and T, for type-II resonances.

®See text.

‘Reference 21 and references therein.

dReference 33.

“Using an average value for the 2p;,,,2p4/,» components.



under study. Auvailable photoelectron spectra in the soft-
x-ray range [x-ray photoemission spectroscopy (XPS)],
have been considered. Only Si 2p spectra in TMS (Refs.
33-35), SiF, (Refs. 33 and 35—37), and SiCl,; (Refs. 33
and 37) are known. They provide a direct measurement of
2p ionization energies with an accuracy ranging from 0.1
to 0.3 eV. For the Si 1s edge, no XPS value is available,
except for SiH, (Ref. 38).

We have then determined the Si 1s ionization energy by
two independent but indirect methods based on (i) an ex-
trapolation of the Si 1s energy of SiH,, and (ii) the Si 2p
and Ka emission energies of silicon measured in related
silicon compounds. The first method takes advantage of
the excellent linear correlation of 1s shift (A;;) with 2p
shifts (A,,) established by Sodhi and Cavell®® on a large
number of phosphorus and sulfur compounds. It is then
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reasonable to assume a similar behavior for Si compounds
using the relationship Aj;=1.12A,, where 1.12 is a coef-
ficient extrapolated from phosphorus compounds (1.14)
and sulfur compounds (1.16). Knowing the 2p edge
(107.1 V) in SiH, from Kelfve et al.3” we are then able to
extract from the 1s edge energy in SiH, (1847.0+0.5 eV)
and from the 2p edges of the three molecules under study
the 1s energies of SiF, (1852.0+0.7 eV), TMS
(1845.7+0.7 eV), and SiCl, (1850.5+0.7 eV).

The second method is based on the slight chemical shift
(<1 eV) of the Si K-Lyyy transition in a variety of sil-
icon compounds® with respect to pure silicon.**? This
transition is measured through the Ka emission line ei-
ther in the molecule under study or in a closely related
compound. We then add to this value the suitable Si 2p
energy measured by XPS (Refs. 33, 35, and 37). For

TABLE III. Absolute energies (eV), term values (eV), and proposed assignment (virtual orbital) for
resonances observed in the inner-shell spectra of SiCl.

(a) Silicon 1s (photoabsorption, this work)

Energy Term value Assignment®
Peak (eV) (eV) (Cy) or (Ty)
1 1843.8 6.8 unresolved bt ,b5,al
2 1848.8 1.8 at
p® 1850.6 0
3 1855.5 —49 ty
4 1858.3 -17.7 t3
5 1872.6 —220 ty

(b) Silicon 2p (photoabsorption, Ref. 23)
Term value Assignment,? this work

Energy (eV) (Cy) or (Ty)
Peak V) = + 7 T
1 103.0 7.25
v 103.5 7.36 by ,bY,af
2 104.7 5.55 bY,b3,af
2 105.2 5.66
3 107.1 3.15
4 108.5 1.75 af
4 109 1.86 at
3pc 110.25
+P¢ 110.86
5 115.8 —5.2°
6 122.8 —12.2¢ e*d
7 134.5 24 t¥d

*The suggested assignment is made for type-I resonances within the C,, symmetry group and for type-
II, within the T one.

bSee text.
‘Reference 33.

9References 28 and 29.
“Using an average value for the 2p;,,, 2p,,, components.
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SiCl,;, we have used the Si Ka line measured in SiO, by
Costa-Lima*! at 1740.4 eV because SiO, is the closest
compound to SiCl, as far as the electronegativity of the
ligand is concerned. We then obtain a Si 1s core energy
of 1850.6 eV. For TMS we have used the Si Ka emission
measured in SiC by Senemaud®? at 1740.2 eV. The Si s
energy is 1846.1 eV. For SiF, we have used the same
emission line measured in Na,SiF, by Faessler®? at 1740.7
eV. We deduce the Si 1s energy value of 1852.3 eV. The
overall accuracy of these Si 1s energies is estimated to be
better than +0.5 eV.

We observe that the Si ls energies determined with
these two methods are very similar. We have chosen the
values obtained with the second method. Notice that for
SiF, and SiCl, the Si 1ls energies are very close to the
value obtained indirectly by Szargan et al

The Si 25 edge energy has been determined differently,
because the K-L; radiative transition is forbidden and the
corresponding emission line is not observed. The Si 2s
and 2p energies are known in pure silicon to be at 151 and
99 eV (Ref. 45). Using the Si 2p shift in TMS or SiF,
with respect to pure silicon, we have extracted the Si 2s
edge energies in these two molecules, i.e. for TMS, 157.9
eV, and for SiF,, 163.6 eV.

Knowing the absolute energies of resonances from our
measured photoabsorption spectra, we readily extract the
corresponding term values. They are reported for SiF,,
TMS, and SiCl, in Tables I, II, and III, respectively, to-
gether with term values extracted from the other available
core spectra and reproduced in Figs. 1(b), 2(b), 2(c), 3(b),
3(c), and 3(d). These term values are used in the following
discussion.

IV. DISCUSSION

The three molecules SiF, (Refs. 36 and 46), TMS (Ref.
35), and SiCl; (Ref. 47) have a tetrahedral geometry (T,
symmetry group) and a '4, ground state with the elec-
tronic configurations as seen in Table IV. Notice that in
the three molecules, the Si 1s and Si 2p orbitals have the
respective a; and ¢, symmetries. Consequently, because
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A,—T, is the only allowed dipole transition (see Table
V), it is then likely that the most intense resonances in the
Si 1s spectra will be due to excited states with T, sym-
metry. This means that, if a simple one-electron model
can be used, type-I resonances result from the transition
of a core electron into a t; empty orbital and type-II reso-
nances, i.e., shape resonances, belong to the ¢, partial
channel.

In contrast, many transitions from the Si 2p core orbi-
tal can be expected because T,—A4,, E, Ty, T, are all di-
pole allowed (see Table V). Notice that when the symme-
try of the molecules decreases, more transitions are ex-
pected. This point is of particular importance for analyz-
ing the specific case of type-I resonances.

A. Resonances in the discrete spectrum (type I)

Type-I resonances in SiX, (X =F, CHj;, or Cl) result
from the promotion of a core electron (Si 1s, 2s, or 2p)
into low-lying empty molecular orbitals. In the following
we exclude, a priori, Rydberg orbitals because such transi-
tions are known to carry low oscillator strength in nonhy-
dride molecules.® Such core excitation in SiX, com-
pounds produces an additional electron in the valence-
electron cloud. This observation justifies the comparison
with the silicon equivalent core molecules PX, as suggest-
ed by Schwarz'* and Wittel and McGlynn.*®

PX, molecules are not stable species and are well-
known phosphoranyl radicals in chemistry. Very interest-
ingly, their most stable electronic configurations are
found for geometries largely distorted from tetrahedral,
namely a trigonal bipyramid (TBP). This fact is evi-
denced by single-crystal electron-spin-resonance experi-
ments* and extensive theoretical analysis.”>>' Such PX,
radicals can be thought of as pentacovalent species with
the odd electron acting as a sort of phantom ligand (Fig.
4). The ligands are separated into two distinct type of
sites, axial and equatorial. Former studies found the most
stable structure was TBP, where the lone electron occu-
pies an equatorial position, but recently Janssen et al.>!
calculated the TBP, geometry, where the lone electron is

TABLE IV. Electronic configurations for SiF,, TMS, and SiCl,.

Molecule Core orbitals with parentage Valence orbitals with parentage
SiF, la? 1£52a? 3a} 218 4a33t$ 5a%4r81e*5t51¢$
Si ls F 1s Si 2s Si 2p Si-F bond F lone pairs
and Si-F bond
Si(CHs), la? 2a%118 2a? 218 443315 5a%4151e*11%5¢5
Si 1s C 1s Si 2s Si 2p Si-C bond C-H bond
and Si-C bond
SiCl, 1a? 1152a? 3ai21$ 4q? 5a%3r81e*115418 518 6al6rs Tat7t82e48152:%
Si 1s Cl 1s Cl 2s Si 2s Cl 2p Si 2p Si-Cl bond Cl lone pairs

and Si-Cl bond
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TABLE V. Dipole-allowed transitions in the Ty, C;,, Cy,
symmetry groups.

Td C3v C2u
a,—n a;—ap,e ay—ay,by,b,
a—t a—ae a,—as,by,b,
e—ty,1 e—a;,az,e by—ay,a,,b,
ty—aset; by—a,,a3,by

y—ay,e,t),th

in the axial position, to be the most stable. The vertical
transition from a tetrahedron (T,) (SiX, neutral mole-
cule) to an excited state with equilibrium geometry of
lower symmetry, leads to more electronically excited
states than expected transitions within the T; symmetry
group (Table V). This removal of degeneracy of certain
orbitals, as illustrated in Table VI, depends upon the sym-
metry group. These states are all vibrationally excited to
conserve the total symmetry T;. More importantly, such
vibrations involve one (or more) distortion modes, normal-
ly forbidden by symmetry. Therefore one should invoke
a vibronic coupling which departs fom the Born-
Oppenheimer approximation. This is also known as a
Jahn-Teller effect (see, for example, Ref. 52) which is ex-
pected for all degenerate states (ground and excited).
Such analysis has been performed successfully by Fernan-
dez et al>® for another tetrahedral species SnH;. The
SnH,* ion is found to be more stable in the C,, and Cs,
symmetries and this explains the observed ionization tran-
sitions and removes the degeneracy of certains orbitals, as
illustrated in Table VI.

Let us analyze now the ideal Si core-absorption spectra
of SiX, molecules expected from the electronic structure
of PX, radicals. Ground-state neutral PX, may be com-
pared with the first excited state resulting from the transi-
tion of a Si core electron into a} because, according to
previous work, a] is the lowest empty orbital of SiX,
molecules! and the outermost singly occupied in PX, radi-
cals.’®3! Notice that for degenerate core orbitals such as

TB P, TB P,
xﬂ
e xa
X x©
RN N ~.
Py \ Ny ,\3"
'~ '~ e
P o P X
bed x‘/
xa
Cav Cay

FIG. 4. Schematics of geometries of P X, radicals trigonal bi-
pyramid “equatorial” or trigonal bipyramid “axial” within the
respective C,, or C;, symmetry groups after Refs. 50 and 51.
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TABLE VI. Relationships of species of the T, symmetry
group with C3, and Cy,. The a, B, and @ angles are defined in
Fig. 4 and refer to known geometries of PX, radicals.

CZU

Csy, Ty a=158°-172°

@=89°-99° a=LB=¢=109.4° B=96°
a, a, a;
a a a
a, a,
[#) b,
e b,
a a
t bl
e by
a,
€ €

a

Si 2p, one expects to have two possible transitions because
of spin-orbit coupling associated with the core vacancy,
i.e., Si 2p3,,—a} and Si 2p,,,—a}. The comparison of
core excited Si X} to PX, radicals is meaningful only if
the lifetime of the considered species is large enough to
produce a well-defined line in an absorption spectrum. In
the present cases (this work and Refs. 1, 21, and 22) the
observed linewidths are generally larger than the instru-
mental broadening and can be analyzed in terms of several
contributions to the decay rates of the core excited states.
The lifetime is firstly limited, for low-Z compounds, by
electronic relaxation processes such as Auger, including
Coster-Kronig decay.”® The rate of Auger processes is ex-
pected to vary with the nature of the core hole.* For a 1s
hole the most probable Auger process is KLL which gives
the atom with two final vacancies in the Ly core sub-
shell (2p). Consequently, the overall rate of such an
Auger process will be similar in all silicon compounds.
An experimental value of 0.45 eV for the Si 1s linewidth
has been evaluated by Senemaud®? in agreement with the
value of 0.5 eV calculated by Keski-Rahkonen and
Krause.”®> The decay of a 2s hole proceeds primarily
through a Coster-Kronig transition, via the 2p shell. This
process is generally faster than the normal Auger ones.
Thus, Keski-Rahkonen and Krause® calculated a total
decay rate of the Si 2s hole to be faster (~1.5-eV
linewidth) than that of the Si 15 hole. The same authors*?
found that the Si 2p hole decays by Auger decay at a
much slower rate ( ~0.07-eV linewidth). Indeed this has
been confirmed by XPS experiments on crystalline sil-
icon®® which gives an upper limit of the 2p linewidth at
0.106 V. In a molecule, the Auger decay of a 2p hole is
likely to be slower than that in an atom. The presence of
the two final holes in valence shells which are localized ei-
ther on a Si-X bond or on ligand X, makes the Auger pro-
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cess interatomic in character, and much less probable than
intra-atomic Auger process.”’” Consequently, electronic
relaxation processes are not sufficient to explain all of the
observed widths.

Another cause of line broadening may be dissociation.
This process essentially depends upon valence electrons
and can be considered as totally independent of core elec-
trons. In the present case, dissociation rates can be ex-
tracted from the stability of PX, radicals. We know from
the recent theoretical analysis of Janssen et al.’! that the
PX, ground state decays into PX;+X with a possible
transition state for PH, and PFH; but not for PCIH;.
Unfortunately, no corresponding lifetime has been calcu-
lated. Nevertheless, if the extra broadening of some lines
as observed in the 2p spectra of SiF,, for example, ori-
ginates from dissociation, the associated rate lies on a
femtosecond time scale. This exceptionally fast process
should not be surprising because valence empty orbitals
have a strong antibonding character and lead often to
purely repulsive potential surfaces.® This is probably the
case here.

We can also expect that the term value of the resonance
(a}) in the discrete part of the Si core-absorption spectra
should be comparable to the first-ionization potential as-
sociated with the ejection of the outermost valence orbital
of PX, radicals. Unfortunately, there are no experimental
values available. However, for PF,, the theoretical value®
of 9.93 eV compares favorably with the first-term value
measured in the Si 1s spectrum of SiF,. This supports the
assignment suggested below, of the lowest resonance [line
1 in Fig. 1(a)] to be associated with the a} virtual orbital.
We now analyze the real spectra presented in Figs. 1—3.

1. SiF,

The first striking observation in the Si 1s spectrum is
the presence in the discrete spectrum of a weak resonance
followed by two intense structures separated by 1.4 eV.
The lowest empty orbital in SiF, is known">?¢ to have a,
symmetry in the T, symmetry group. We suggest then
that the first line [line 1 in Fig. 1(a)] results from a transi-
tion into ai. Its low intensity is due to the forbidden
character of the transition (Table V). The interpretation
of the intense doublet (lines 2 and 3) is more puzzling.
The nondegenerate character of the Si 1s orbital (@, in
T4, Cy, C3,) and the probable weak spin-orbit coupling
of the diffuse ¢ (T;) eliminates reasonably any signifi-
cant splitting. Dipole selection rules in the 7; symmetry
group imply that both intense structures have a 5 sym-
metry. This is in contradiction to various theoretical anal-
yses'»>26 performed in this geometry because only a a}
empty orbital followed by a single ¢ one are expected.
Consequently, we have analyzed the spectrum using the
comparison with the core equivalent radical PF,. If we
assume that the Si core-excited states do not have a
tetrahedral geometry but rather a C,, or C;, one, we ex-
pect though a Jahn-Teller effect (see Table VI) a single
transition @, —a}, and two transitions (C3,) a;—aj, e*
or three transitions (C,,) a;—af}, b}, b3 depending on
the equilibrium final-state geometry. We offer then the
possible assignments as indicated in Table I. The intense
doublet which has a very pronounced asymmetry on its
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high-energy side is then easily interpreted as a transition
in the Cs3, geometry (af,e*) or may be in the C,, one
(af, bf, b3). In the latter case, either two of the three
transitions are energy degenerate or the third member has
a very small intensity. Notice that such a transition is
surely accompanied by a large amount of vibrational exci-
tation for conservation of the total symmetry (see above)
and it is impossible without suitable calculations to give a
reasonable ordering of virtual orbitals. Nevertheless, we
suggest (not indicated in Table I) that the lowest peak of
the intense doublet is associated with the antibonding Si-F
axial orbital and the highest peak to the Si-F equatorial
one. This is based on the longer Si-F bond for axial than
for equatorial fluorine atoms, in the TBP, geometry.’! A
reverse suggestion must be made in the TBP, geometry,
for which the Si-F axial bond is shorter than the Si-F
equatorial one.’!

In contrast to the Si 1s spectrum, the Si 2s one obtained
by Friedrich et al.! reveals a single broad maximum. We
believe that this structure “hides” the doublet because of
the 2s lifetime hole which is probably much shorter. No-
tice that if there is a 1.4-eV separation between reso-
nances, a Coster-Kronig transition (1.5-eV linewidth) for
each line is sufficient to explain the observed broadening
of ~3eV.

The Si 2p spectrum as obtained by Friedrich et al.! is
much richer. In this case, the Si 2p hole lifetime is long
(see above) and all expected features are doubled because
of spin-orbit splitting of the 2p hole. Former assign-
ments">%2% all agree to assign line 1,1’ as transition to
ai(T,), the lowest virtual orbital of ‘SiF,. The change in
geometry (C,, or Cj,) does not change this assignment
(see Table VI). However, if we assume the second virtual
orbital to be t3, following Pavlychev et al.’ we again ex-
pect three components in the C,, geometry or two in the
C;, geometry. Consequently, we expect six peaks (C,,)
and four peaks (Cj,) because of spin-orbit splitting.
Indeed the Si 2p spectrum shows six peaks which seems to
confirm an analysis within a C,, geometry. We believe
that this interpretation is more attractive than the previ-
ous interpretation of Friedrich et al.,! Robin,® or Hayes
and Brown?® who interpreted this series of six peaks as a
transition to ¢ with some others to various Rydberg orbi-
tals. Indeed Friedrich et al.! have founded their interpre-
tation on the comparison with the solid SiF, spectrum.
We think that their observation is not incompatible with
the present interpretation considering that in the con-
densed phase, a C;, geometry may be found with only
two empty orbitals, a] and e* (Table VI).

Our interpretation of the three core photoabsorption
spectra of SiF, implies that there is no transferability of
term values. This is probably due to significant variation
of J and K integrals but this point should be clarified
with theoretical calculations.

2. Si(CH3),4

The large and asymmetric peak of the Si 1s and Si 2s
spectra of TMS may also be interpreted using a Jahn-
Teller effect on the basis of the Si core equivalent radical
P(CH3)4. It is possible that the combination of a small
distortion and short lifetime of each “component” of a
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split ¢, empty orbital explains the Si 1s peak shape. This
interpretation is supported by the fine structures of the Si
2p spectrum obtained by Sodhi et al.?! and Morin?? [see
Figs. 2(b) and 2(c) and Table II]. Indeed, there are six
features [Fig. 2(c)] in the discrete part of the spectrum
which are distinct from another resonance right above
threshold.>#% These small features are similar to those of
the Si 2p spectrum of SiF, just below the edge. Conse-
quently, we suggest that the core excited state has a
C,, geometry which splits the transition to ¢3(T) into
ai, by, b5 components. The spin-orbit splitting of the Si
2p hole would explain the observation of six features.
This interpretation contrasts somewhat with those of
Sodhi et al.?! who suggest a transition to a o*(a,t,) orbi-
tal with an admixture of Rydberg transitions. But very
interestingly, Sodhi et al.?! noticed the missing 4s Ryd-
berg transition combined with the impossibility of fitting
these structures with regular Rydberg formula or with a
vibrational progression. We believe that indeed there is a
contribution of the o* transition following Sodhi et al.?!
but it is a strictly ¢ one (without any Rydberg contribu-
tion) and is split by the removal of degeneracy, expected
in a Jahn-Teller effect as discussed above, and the spin-
orbit coupling.

Notice that there is no observable transition to aj.
This is not so surprising if the tetrahedron is only slightly
distorted and does not bring much intensity to the “for-
bidden” transition to a}. Like for SiF,, in this interpreta-
tion there is poor transferability of term values.

3. SiCl,

The observation of two well-separated features in the
discrete part of the spectrum contrasts drastically with the
SiF, and TMS cases. The analysis of the Si 2p spectrum
obtained by Zimkina and Vinogradov?® shows that the en-
velope of peaks 1 and 2 (lines 1’, 2') in Fig. 3(b) matches
peak 1 in Fig. 3(a) (see also Table III). In addition, peak 2
in Fig. 3(a) seems to correspond to feature 4 in Fig. 3(b).
The use of the Si core equivalent PCl, radical which is
known* to have a distorted geometry (C,,) (see Fig. 4)
does not help readily to interpret the spectrum. We sug-
gest then that the lowest set of peaks in the Si 2p spec-
trum does result from a splitting of the transition to a 3
orbital (T,;). But the distortion would be much smaller
than in the preceeding cases, the “geometrical” splitting
would be small compared to the 1s linewidth but slightly
larger than the 2p one. The interpretation of the second
peak in the Si 1s spectrum which seems to be split (lines
4, 4') by spin orbit in the Si 2p spectrum is more puzzling.
Firstly, its low intensity may be explained using a a{ as-
signment, having in mind that the Si 1s—a7 transition is
forbidden in the T; symmetry group, but no a} virtual
orbital has been calculated above the ¢35 one. Secondly,
the presence of Rydberg levels, which may be supported
by the additional feature such as line 3 in the Si 2p spec-
trum, is not very convincing; the large size of the chlorine
ligands are likely to “mask” any significant contribution
of “outerwell” states such as Rydberg states. We then
offer the assignment of Table III, which supposes a rever-
sal of the ¢3 and a} virtual orbitals compared to SiF,.
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Notice that unlike SiF, and TMS, the transferability of
term values is rather satisfactory.

B. Resonances in the continuum (type II)

Such resonances are often due to the shape (potential
barrier) of the molecular potential seen by the outgoing
electron. Notice, as mentioned in the Introduction, that
type-1 resonances may also result from the shape of the
potential, however, the distinction between both types
holds because, for type-I resonances, the ejection of the
core electron is energetically impossible, in contrast to
type-II resonances. Consequently, type-I resonances decay
through various types of multiexcitation and multiioniza-
tion processes (autoionization, Auger, Coster-Kronig, etc.)
(Ref. 6) which are often slower than one-electron process-
es such as direct ionization or shape resonances. It gen-
erally results that type-II resonances are much broader
than type-I resonances. An immediate consequence is
that the outgoing electron does not stay long enough for
the valence electron cloud to “destroy” the original
tetrahedral geometry of the neutral molecule. In a core-
equivalent model, the electron interacts with a SiX,*
(with a core hole) which is equivalent to the ground-state
PX,* ion. Indeed, it has been predicted® that this ion is
probably tetrahedral. Consequently, there is no need to
invoke Jahn-Teller effects to analyze the continuum
features. The partial channels of the photoionization
cross section associated with the nl/ subshells are governed
by dipole-transition selection rules, i.e., the energy depen-
dence of the matrix elements of the a,—f, and
t,—ay,e,ty,t, transitions. It is clear that then shape reso-
nances observed in the Si 1ls continuum in tetrahedral
molecules are mainly expected in the ¢, partial channel.
This is indeed what is predicted by Carlson et al.?° in
SiCl, using multiple-scattering theory. They calculate for
the Si 2s continuum two resonances at 10 and 20 eV
above the edge in the ¢, partial channel. There are no ex-
perimental results available for SiCl, near the Si 2s edge
but we may analyze the present Si 1s photoabsorption of
SiCl, along the same lines since we are dealing with a core
orbital with the same symmetry. We indeed find two
broad features at 7.7- and 22.0-eV electron energy which
are likely shape resonances in the ¢, continuum. We have
found, moreover, and additional resonance at 4.6-eV elec-
tron energy which has not been calculated yet. Notice
that the recent experimental work on the Si 2p partial
cross section in SiCl, by Carlson et al.? reveals two dis-
tinct resonances at 15- and 24-eV electron energy.
Pavlychev et al.?’ has observed in the Si 2p photoabsorp-
tion spectrum three features located at 5.6, 15, and 26 eV.
The theoretical analysis (multiple-scattering Xa model) of
Carlson et al.?® and Pavlychev et al.?’ are in reasonable
accord in assigning the 15-eV one with a e* symmetry
and the 24-eV one with a ¢ symmetry. The feature at 5.6
eV (Ref. 27) has not been interpreted. It probably corre-
sponds with the additional 4.6-eV feature seen in our spec-
trum.

For TMS there are no calculations available. However,
we suggest that the broad and intense resonance line 2 in
Fig. 2(a) is likely a t,-shape resonance. A similar sugges-
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tion has been offered by Sodhi et al.?! for line 2 in the Si
2s electron-energy-loss spectrum of Fig. 2(b). In the Si2p
photoabsorption we note that the upper part of the broad
resonance across the edge and the broad line (line 5),
beyond the edge, have been respectively assigned to shape
resonances with e* and 3 symmetry by Sodhi et al.?!
and de Souza et al.3*

In the Si 1s continuum of SiF, one can similarly assign
the broad features 4 and 5 to the ¢, partial channel. Un-
like TMS the available 2s photoabsorption spectrum of
SiF, (Ref. 1) is in a too-narrow range to be compared with
the Si 1s results. In contrast, Pavlychev et al.>*® have
made detailed calculations using the multiple-scattering
X, theoretical model of resonances in the Si 2p continu-
um. They found that the first resonance (line 5) dom-
inates the e* continuum while the second (line 6) is prob-
ably present in both the e and ¢, continua.

V. CONCLUSIONS

Resonances observed in the present Si 1s photoabsorp-
tion spectra of SiF,, Si(CH,),, and SiCl, are qualitatively
interpreted using a comparison to the Si core equivalent
species which are the phosphoranyl radicals PX, (X =F,
CH;, and CI). The distortion of tetrahedron geometry
into the trigonal bipyramid geometry of such radicals, ac-
companied by vibrational excitation, through a Jahn-
Teller interaction explains the removal of the degeneracy
of the transitions into ¢3 empty orbitals as defined in a T,
symmetry group. This distortion is probably large for
SiF, but less pronounced for TMS and SiCl,. It is possi-
ble that similar effects probably exist in CX, compounds,
with NX, core equivalent species, but the C 1s EELS
spectra®®? must be reinterpreted. Such interpretation
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may be of high interest in searching for “stable” isomers
or excited states of PX, radicals in which the unpaired
electron lies in one of the ¢, molecular orbitals defined in
the tetrahedral geometry. The nontransferability of term
values (except for SiCl,) raises the question of the core-
energy dependence of Coulomb and exchange integrals.

Resonances observed in the Si 1s continuum of the
three molecules are likely ¢; shape resonances because of
dipole selection rules. The use of a pure tetrahedral
geometry is justified by the extremely short stay of the
outgoing electron in the valence region of the molecule.
Multiple-scattering calculations are strongly needed to
confirm the one-electron character of the observed reso-
nances and find out by difference any evidence for doubly
excited states. Lastly, the present observation and identi-
fication of intense resonances near the SiK edge in silicon
compounds may shed some light on the recent observation
of a giant resonance near the SiK edge in pure silicon and
solid 63Si02 observed by Costa-Lima*' and by Hecht
et al.
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