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Abstract

Absolute generalized oscillator strengths (GOSs) of the Si 2p shape resonances in silicon tetrafluoride (SiF,4) have
been determined as functions of momentum transfer by angle-resolved electron energy loss spectroscopy at 2.5 keV
impact energy. These GOS profiles reveal subtle details about the spectral nature of the underlying dipole-allowed
Si 2p — 2e and Si 2p — 7t, continuum transitions, particularly with respect to the pre-edge Si 2p — 6a,;c* resonance.
The GOS profiles of the Si 2p shape resonances in SiF, are compared with those of the corresponding
S 2p — 2ty; and S 2p — 4e, resonances in SFg. © 2001 Elsevier Science B.V. All rights reserved.

As a gaseous electronics gas commonly en-
countered in silicon etching and related processing
in the semiconductor industry, silicon tetrafluoride
(SiF4) represents one of the more relevant tech-
nological silicon compounds. SF¢ [1,2] and SiF,
are two of the most popular model compounds for
investigating the so-called ‘caged’ effects, as man-
ifested most notably by intense well-defined reso-
nance features in the respective S and Si 2p
continuum regions of molecular photoabsorption.
These continuum or shape resonances have con-
tinued to attract considerable theoretical and ex-
perimental attentions. Various models have been
proposed to explain the underlying mechanisms
for the enhancement in the cross-sections, which
include inner-well quasi-bound states supported by
ligand-induced centrifugal potential barriers, in-
teractions with virtual molecular orbitals (MOs),
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delayed onsets of atomic p and d core-level cross-
sections, and scattering of ejected core electrons
from the ligands [3]. The electronic structure of the
Si 2p shell in SiF, has been the subject of intense
investigation by a variety of techniques, including
photoabsorption [3-7] and small-angle electron
scattering [8]. These studies have revealed two
prominent features above the Si 2p edge that can
generally be classified as shape resonances. Al-
though there is general agreement in the assign-
ment of the broad intense feature at ~133 eV to a
shape resonance with a t, symmetry, the nature
(symmetry) of the lower lying shape resonance at
117 eV is less definite and depending upon different
calculations could be attributed to having either e
or t; symmetry [3,9]. Our recent work has provided
the first measurement of generalized oscillator
strength (GOS) profiles for some of the more
prominent features in the pre-ionization-edge va-
lence and Si 2p regions of SiF, [10]. In the present
work, we investigate the absolute GOS profiles of
the two predominant post-edge resonances in the

0009-2614/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0009-2614(01)00532-2



X.W. Fan, K.T. Leung | Chemical Physics Letters 341 (2001) 638644 639

Si 2p continuum region of SiF, and compare their
spectral signatures with analogous shape reso-
nances in other ‘cage-like’ molecules including
CCly [11] and SF [1].

Lassettre and coworkers [12] have pioneered the
use of angle-resolved electron energy loss spec-
troscopy (EELS) for precise absolute measure-
ments of GOS, as a means to determine absolute
dipole OSs by extrapolating the measured GOS
profiles to the optical limit. Furthermore, the GOS
profile (over an extended range of momentum
transfer) of an individual transition at a particular
energy loss can also be used to provide detailed
‘mapping’ of the overlap function between the
initial-state and final-state wave functions in mo-
mentum space. The GOS profiles therefore repre-
sent important information that can be used to
assist spectral assignments, theoretical modeling of
the excited-state wave functions, and better un-
derstanding of the nature of underlying interac-
tions for both dipole-allowed and non-dipole
transitions [13]. Despite the lower energy
resolution in high-energy electron scattering work
relative to modern synchrotron-radiation photo-
absorption studies, the development of angular
sampling (i.e., measurement as a function of the
scattering angle or momentum transfer) has
opened up a new window into dipole forbidden
phenomena that are not easily accessible by optical
methods, particularly in the valence-shell region.
In the case of inner shells, only a handful of GOS
profiles have been reported and the references to
these studies are given in a recent review by Leung
[14]. The present work offers further ‘benchmark’
GOS measurements of resonance transitions in the
inner shell of an important cage-like molecule.

The experimental technique and our angle-
resolved EELS apparatus have been described in
detail elsewhere [15]. Briefly, a collimated electron
beam was crossed with a gas jet at 2.5 keV impact
energy and the electrons scattered with an energy
loss at a selected scattering angle (from the for-
ward direction) were analyzed with standard
electron optics. The scattering angle 0 is related to
the magnitude of the momentum transfer
K(= ko — k) by K* = kf + k* — 2kok cos 0, where K
and k are the momenta of the incident and scat-
tered electrons, respectively. Angle-resolved EELS

spectra of the sample gas introduced to the center
of the collision cell (sample spectra) at a typical
chamber pressure of 1-2 x 1073 Torr were col-
lected over an extended energy loss range of 200
eV from 0 = 1.5° to 9.5° in steps of 0.5° sequen-
tially in repetitive scans. A similar set of spectra
(ambience spectra) was obtained under identical
conditions with the sample gas introduced outside
the collision cell. Contributions from the ambient
gas were then removed by subtracting the respec-
tive ambience spectra from the sample spectra af-
ter appropriate normalization. The correction of
the ambience contribution is crucial for obtaining
precise GOS results especially for inner-shell
transitions with low cross-sections. SiF,; (99.99%
purity) was purchased from Matheson and used
without further purification. Our spectrometer was
operated routinely with an energy resolution of 0.8
eV full width at half maximum and an angular
resolution of 0.2° half-angle at 2.5 keV impact
energy. The energy and angular scales have been
calibrated by using standard procedures as dis-
cussed previously [2]. No geometrical correction
was found to be necessary for the ‘short’ experi-
mental angular range and the high-impact energy
employed in the present work.

In the first Born approximation, the high-
energy electron collision can be considered as a
sudden, impulsive process. The intensity of the
scattered electron with an energy loss E at a scat-
tering angle 6 is proportional to the differential
cross-section d°c/dQdE, which can be converted
to the differential GOS, df (K, E)/dE, by using the
Bethe-Born formula (in Rydberg atomic units)
[16]:

df (K, E) _ ko o E d’c

dE k4 dQdE’ m

where dQ2 corresponds to the detection solid angle.
The GOS is defined as:

[v

where ¥, and ¥, are the (N-electron) electronic
wave functions of the initial and final states re-
spectively, and r; is the position of the jth electron
with respect to the center-of-mass of the target.
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The GOS at any momentum transfer can be made
absolute independently by using the Bethe-sum-
rule [16]:

df (K.E) .
/ L AE=N, (3)

where N is the total number of electrons in the
target. In the Bethe-sum-rule normalization pro-
cedure, the intensity of the relative GOS obtained
at a pre-selected momentum transfer is first
numerically integrated over the sampling energy
loss range of 100 eV. The remaining intensity of
the valence-shell above 100 eV for SiF, is esti-
mated by integration of a fitted function B(E) =
a/E' + b/E*® + ¢/E* from 100 eV to infinity,
where the empirical constants a, b, and c are
obtained by curve-fitting B(E) to the experimental
data in the separate E range 70-100 eV. The sum
of these two integrated intensities is then normal-
ized to the integrated oscillator strength of 3.34,
which corresponds to the total number of valence-
shell (32), plus an appropriate correction of the
contribution due to Pauli-excluded transitions
from other inner shells (1.4) [17,18].

SiF, is a 50-electron system with a T4 molecular
symmetry. In accord with the photoelectron data
[19,20], the single-electron configuration for the
ground electronic state of SiF4 can be written as:
la,? 1t,°2a,23a,> 2t,°
—~———
Si 1s F 1s Si 2s Si 2p inner-valence

4a,%3t,°
———

5a,%4t,°1e *5t,°1t,° (HOMO) | 6a,° (LUMO) 6t,°2¢"7t,°

outer-valence orbitals unoccupied virtual orbitals

The vertical ionization potentials for the removal
of the outer-valence MOs [20] and the energies for
the main ionic states of the inner-valence orbitals
[21], as well as the term values for the unoccupied
virtual MOs and Rydberg orbitals have been
summarized in our recent work [10]. Of relevance
to the present work, simple MO calculations show
that the two lowest unoccupied MOs (LUMOs),
6a, and 6t,, are made up largely of antibonding c*
overlaps between the Si 3s and F 2p orbitals, and
between the Si 3p and F 2p orbitals, respectively.
Transitions from the 2t, (Si 2p) orbital to these
virtual orbitals occur below the Si 2p ionization
edge and are commonly referred as ¢* resonances.

On the other hand, the remaining 2e and 7t, vir-
tual MOs are essentially non-bonding Si 3d orbi-
tals. Transitions from the Si 2p orbital to these
final-state orbitals take place above the Si 2p edge
and they give rise to the shape resonances, all of
which are dipole-allowed transitions because they
behave in effect like atomic p — d transitions.
Fig. 1 shows selected absolute EELS spectra for
the Si 2p region of SiF4 at 1.5°, 3.0°, 4.5°, 6.0°, and
7.5°, which correspond, respectively, to momen-
tum transfers of 0.46, 0.76, 1.10, 1.44, and 1.78 a.u.
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Fig. 1. Absolute angle-resolved electron energy loss spectra of
the Si 2p shell in SiF, measured at 2.5 keV impact energy and
(a) 1.5°, (b) 3.0° (c) 4.5°, (d) 6.0°, and (e) 7.5°. Intensities
arising from the valence shell have been removed from the
background. Three Gaussian line-shapes with the appropriate
line-widths are used to estimate the intensities of the
Si 2p — 6a;, Si 2p — 2e, and Si 2p — 7t, resonances at 106.4,
117.5, and 132.5 eV, respectively, in a curve-fitting procedure.
The ionization potentials of Si 2p;),,2p,, and 2s are 111.7,
112.3, and 163.7 eV, respectively.
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at 110 eV energy loss. The background from the
valence-shell contribution has been appropriately
removed from these inner-shell spectra, which are
automatically normalized on an absolute scale
because the entire set of EELS spectra (from va-
lence-shell to 200 eV) was collected in a self-nor-
malized fashion. As shown in our recent work [10],
the overall intensity variation of our EELS spec-
trum with increasing scattering angle (Fig. 1) has
been found to be consistent with the photoab-
sorption spectrum of Friedrich et al. [5] and the
‘corrected’ zero-angle EELS spectrum of Guo et al.
[8] (as suggested by Olney et al. [22]). The char-
acteristic reduction in the GOS with increasing
scattering angle (momentum transfer) as depicted
in Fig. 1 indicates the predominantly dipole-al-
lowed nature of the spectral features in the Si 2p
region. Briefly, an intense peak (doublet) at 106.4
eV, corresponding to the Si 2pc* resonance, and a
broader band centered at 109.5 eV are found be-
low the ionization edges of Si 2p;,, at 111.7 eV
and Si2p,,, at 112.3 eV in our spectrum. The
broader band at 109.5 eV can be further resolved
into several peaks (including individual spin—orbit
components) [5,8,10], and the assignments of these
inner-shell features have been discussed in more
detail in our recent work [10]. Above the ioniza-
tion edges, the prominent peak observed at 117.5
eV and the broad band centered at 132.5 eV can-
not be resolved further even with a higher energy
resolution [8]. The large natural line-widths of
these shape resonances are characteristic of the
inherently short lifetimes of these continuum
states. The post-edge feature at 117.5 eV has been
assigned as an e shape resonance associated with
transitions to quasi-bound states in the continuum
induced by the electronegative F ligands, while the
band at 132.5 eV can be described as a t, shape
resonance or alternatively an atomic-like delayed
onset phenomenon [3,8].

The GOSs of the Si 2pc* resonance at 106.4 eV
and the two Si 2p shape resonances at 117.5 and
132.5 eV are approximated by curve-fitting with
Gaussian line-shapes, the spin—orbit energy split-
ting and natural line-widths of which are obtained
from the photoabsorption spectrum of Friedrich
et al. [5] and high-resolution zero-angle EELS
spectrum of Guo et al. [8,22]. In the case of the t,

shape resonance at 132.5 eV, the fit is somewhat
limited because the experimental line-shape is ev-
idently not symmetric and difficult to ascertain
(Fig. 1). Fig. 2 shows the resulting GOS profiles of
the three features, estimated from the areas under
the respective Gaussian line-shapes. The gradual
decrease with increasing momentum transfer from
its maximum at zero momentum transfer in these
GOS profiles is consistent with the spectral as-
signments that the Si 2p (formally 2t, in the MO
notation) features are dominated by dipole-
allowed transitions. Despite the similarity, the
GOS profiles of the two Si 2p shape resonances
(Fig. 2b,c) are noticeably broader than that of the
Si 2pc” resonance (Fig. 2a).
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Fig. 2. Absolute GOS as a function of momentum transfer (K)
squared for the Si 2p features at (a) 106.4, (b) 117.5, and (c)
132.5 eV in SiF,. The dashed lines correspond to semiempirical
fits using the Lassettre series.
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For angle-dependent studies that involve finite
momentum transfers, Lassettre and coworkers
[23-25] have shown that the GOS for a bound-
state excitation can be expanded as an even power
series of K (the so-called Lassettre series), which
we have previously extended to include transitions
to continuum states, as follows [1]:

1+ 6Zf"(l+x)”;

2<m<s, (4)
where x = K2/(v2I + /2| — W|)*, I is the ion-

ization potential, and W is the excitation energy of
the transition. We have fitted the GOS profiles
(Fig. 2) semiempirically using the above modified
form of the Lassettre series up to m = 3 and de-
rived the dipole OS fy and other f, coefficients
shown in Table 1. The integer m is chosen ac-
cording to the amount of available data points and
the accessible experimental range of momentum
transfer. The original Lassettre series has been
used very successfully for quantitative estimate of
the dipole OS by extrapolating the measured GOS
profile to zero momentum transfer. The other pa-
rameters f, in the Lassettre series are related to
linear combinations of the respective multipole
matrix elements and can be used to characterize
the nature of the underlying excitation [12,26]. For
instance, the f; term has been shown to be related
to the difference of the square of the quadrupole
matrix element and the product of the dipole and
octupole matrix elements [26]. For dipole or oc-
tupole-dominated transitions, the even coefficient,
/>, is found to have a positive sign while the odd

f(K,E) =

coefficients, f] and f3, are negative. The dipole OS,
fo, is always positive. In our earlier work on SFg,
we have shown that the higher order coefficients
for a quadrupole-allowed S 2p transition appear to
reverse in sign relative to the corresponding coef-
ficients for a dipole-allowed S 2p transition [1]. For
dipole-allowed transitions and/or non-dipole
transitions dominated by a strong zero momen-
tum-transfer component [10], these coefficients
may be used to qualitatively describe the overall
shapes of the GOS profiles. In particular, the co-
efficients f and f, are more effective in shaping the
lower momentum-transfer part of the GOS profile
than the higher order coefficients. Within the
somewhat large uncertainty, Table 1 shows that
the fy and f,/fo (n = 1-3) parameters for the two
Si 2p shape resonances are more similar in relative
magnitude than the Si 2pc” resonance. This is also
quite evident in Fig. 2, which depicts the generally
sharper decrease in the GOS profile of the Si 2pc”
resonance (Fig. 2a) relative to those of the Si 2p
shape resonances (Fig. 2b,c). These differences
could be largely attributed to the differences in the
final states of the respective transitions. In partic-
ular, the 2e and 7t, orbitals in SiF, can be regarded
in effect as atomic Si 3d orbitals, unlike the 6a;
orbital which corresponds to ‘molecular’ antib-
onding c* overlap between the Si 3s and F 2p
orbitals.

It is of interest to compare the GOS profile of
the Si 2p pre-edge transition in SiF, with the GOS
profiles of other o* resonances in analogous cage-
like molecules, particular for those transitions with
the initial state involving an inner-shell orbital of
the central atom. Except for the S 2p — 6t,

Table 1

Comparison of Lassettre parameters for the 6*, e and t, resonances in SiF; and SFg
Energy loss (eV) Assignment Sfo* filfo Sl fo Sf3/fo
106.4 Si 2p — 6a; [5,8]° 0.051 + 4% —18.9 £ 25% 164.8 £ 30% —509.5 £ 63%
117.5 Si 2p — 2e 0.155 + 3% -32.0 + 16% 439.1 +29% —2043.7 £+ 54%
132.5 Si2p — Tt 0.488 + 3% —24.1 £ 20% 302.1 £41% —1596.4 £+ 64%
173.0 S 2p — 6ay, [1] 0.059 + 7% —129.0 £ 24% 6108.1 £ 48% -95744.8 + 70%
184.5 S 2p — 2ty 0.180 + 5% —124.7 £ 15% 5752.4 + 33% —88964.1 + 49%
196.3 S 2p — 4e, 0.223 + 5% -123.1 £ 18% 5207.6 £ 41% -73127.0 £ 67%

#The quoted errors in the f, parameters are obtained from the curve-fitting procedure only and should not be taken as the accuracy of

the results.

> More precise values can be found for various transitions in the original references. In [5], Friedrich et al. attributed the features at
106.4, 117.5, and 132.5 eV to Si 2p — o* (3s), Si 2p — ‘¢’, and Si 2p — ‘t,’, respectively.
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transition in SFs, which has been shown by us [1]
(and later confirmed by Turci et al. [27]) as a
quadrupole-like transition, all of the GOS profiles
for inner-shell transitions reported to date have the
characteristic dipole-allowed shape, i.e., a declin-
ing shape from the maximum at zero momentum
transfer [1,11,14]. In particular, the GOS profile
for the C 1s — 7a; (o* resonance) and 8t, transi-
tions located at 290.0 eV in CCl, and indeed those
for all the C 1s — o* (C-Cl) (LUMO) transitions
in CF,_,Cl, (n = 1-3) appear to follow the same
general shape as the GOS profile of the
Si 2p — 6a, transition (Fig. 2a) [11]. Perhaps a
more interesting comparison can be made between
SiF, and SF¢, particularly for the inner-shell
transitions involving the 2p initial states of the
central atoms. Fig. 3 shows our earlier results for
the GOS profiles of the S 2pc”™ and shape reso-
nances in SFg [1]. As noted by Turci et al. [27] ',
our original plots (shown in Fig. 2 of [1]) depict
‘differential’ GOSs at the stated transition energies.
Although the original figure nicely demonstrates
the main conclusions of [1], we have replotted our
original data as absolute GOS profiles for the re-
spective transitions to facilitate better comparison
in the present context. (It should be noted that
only simple scaling factors are needed for this
conversion from differential GOS to spectral GOS
for individual features.) In SFs, the LUMO 6a,,
consists of antibonding c* overlap between the S
3s and F 2p atomic orbitals. The corresponding
GOS profile for the S 2p — o*(S-F) resonance
with a half width at half maximum (HWHM) of

! Despite the rather elaborate simulation schemes made by
Turci et al. in [25] to try to explain the difference between their
data and our SF¢ data reported in [1] in the large momentum-
transfer region, we believe that such a discrepancy could be
largely due to the relatively low impact energy (1.4 keV)
employed by Turci et al. For inner-shell transitions (with large
energy losses), it is well known that the breakdown of the Born
approximation is more severe at lower impact energy and may
indeed affect the premise of the GOS analysis (see, e.g., [13]).
For our case (as in [1] and the present work), a considerably
higher impact energy (2.5 keV) has been employed, and the
accuracy of the GOS profiles obtained by our EELS apparatus
has been reaffirmed recently by using widely accepted proce-
dures as demonstrated in [15].
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Fig. 3. Absolute GOS as a function of momentum transfer (K)
squared for the S 2p features at (a) 173.0, (b) 184.5, and (c)
196.3 eV in SF¢ reported by Ying et al. [1]. The dashed lines
correspond to semiempirical fits using the Lassettre series.

K? ~ 2.3 a.u. (Fig. 3a) is notably ‘broader’ [1] than
that of the Si 2p — o*(Si-F) resonance (Fig. 2a),
with a HWHM of K? ~ 0.7 a.u. Indeed, similar
observation can be made for the GOS profiles of
the S 2p shape resonances in SFg, both with
HWHMs of K? ~ 2.3 a.u. (Fig. 3b,c), while the
HWHMs for those of the corresponding Si 2p
shape resonances in SiF,; are K?>~ 1.0-1.2 a.u.
(Fig. 2b,c). The smaller HWHMs for the GOS
profiles of the SiF, features are consistent with the
considerably smaller values for the 1/ /o, f>/fo and
f3/fo ratios relative to those for SF¢ (Table 1).
These differences illustrate the sensitivity of the
GOS profiles to the nature of the essentially
atomic-like connecting states originated from the
central atoms (Si in SiF4 vs S in SF¢) in the inner-
shell excitation processes.
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In summary, absolute GOS profiles of the
prominent pre-edge o* resonance (Si2p — 6a;)
and two post-edge shape resonances (Si 2p — 2e
and Si 2p — 7t,) in the Si 2p shell of SiF, have
been determined by using angle-resolved EELS at
2.5 keV impact energy. The GOS profiles of these
Si 2p resonances are found to have a shape gen-
erally characteristic of predominantly dipole-
allowed transitions, with the profile for the Si 2pc”
resonance noticeably more sharply peaked at zero
momentum transfer than the Si 2p shape reso-
nances. The present work shows that despite the
similarity in the general appearance of the mea-
sured GOS profiles, the subtle differences observed
among the GOS profiles and between those of the
corresponding transitions of other cage-like mol-
ecules (such as SF¢ [1] and CCly [11]) underline the
different nature of the contributing transitions
from the inner-shell initial state to the respective
final states. Quantitative calculations, together
with an expanded data base of precise absolute
GOS profiles, for these inner-shell transitions are
clearly of great interest to provide further insights
into the intricate inner-shell resonance processes of
cage-like molecules.
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