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ABSTRACT

High resolution (0.05 eV) Si 2p pre-edge photoabsorption spectra of

SiH4. SiD4, Si2H6 and Si:;l*t8 show a large number of peaks due to Si 2p -

Rydberg transitions, along with rich vibrational structure. The SiD4

spectrum has been very useful in distinguishing between Rydberg states and

vibrational excitations. The spectra of SiH and Si:;Hs are very

2%
similar to each other, exhibiting excitation of asymmetric Si-H vibrations.

‘The Si L- an-. K-edge XANES spectra of Si(OCH3)x(CH3)4_x (X=0-4) are

reported and the two end members of the series, Si(OCH3) 4 and Si(CH3) 4 are

compared to the spectra of SiO2 and SiC. The L-edge spectra of gaseous

Si(OCH:,)4 and solid SiO, are qualitatively identical, while the L-edge

2
spectra of Si(CH3)4 and SiC show strong similarities. MS-Xa calculations
for the two species Si(OCH3) 4 and Si(CHB) 4 Were used to assign the

various spectra for both compounds. Assignments for SiO,, are based upon a

2
molecular orbital interpretation of the electronic structure of this
compound.

High resolution (~0.]1 eV) Si 2p gas-phase photoelectron spectra of 24

compounds are reported: SinD4_x; Si(CH3)x(0CH3)4_x; Si(CH3)x[N(CH3)214_x;
SinlSI(CH3)314_x; (X=0-4), and SiHa-CH3. SIH3-51H3, SiHa-Sin—SiHy
Sl(CH3)3—Si(CH3)3, GelSi(CH3)314 and ls;(cu3)216. Vibrational

excitations have been resolved in the spectra of SinD4_x, SiHa-CHT

SiH -SiH_-SiH,. For the compounds SinD and Siﬂ:‘-CH,3

3 3 2 3 4-X

the vibrational structure is dominated by the Si-H, Si-D or Si-C symmetric

-SiHs and SiH

vibrational mode. Conversely, the spectra of S‘»iH:}—SiH:3 and SiH3—SiH2-SiH3

are dominated by the asymmetric Si-H bending vibrations - the first example

it




of this in core-level photoelectron spectroscopy. In the remaining
compounds the vibrational effects are not resolved; however, the peak widths
increase in the order SI(CH3)4 < SI[SI(CH3)3]4 < SI[N(CH3)214 < Sn(OCH3)4 <
SiF 4 indicating that the vibrational manifold increases analogously.

The valence photoelectron spectra of S:(CH3 4 Sx(CH3)3-Sx(CH3)3,

SllSi(CH3)3]4. Ge[Si(CH3)3]4 and [Sl(CH3)216 are reported at four

different photon energies, 21.2, 100, 120 and 135 eV.
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CHAPTER |:

INTRODUCTION



Section 1-1; Synchrotron Radiation.

X-rays were first discovered in 1895 by Wilhelm Conrad Roentgen and
for this work he received, in 1901, the very first Nobel! Prize in Physics.
The Roentgen tube, and derivations thereof, continued to be the most intense
source of X-rays up to, approximately, the mid point of the twentieth
century when, in 1947, the first observation of synchrotron radiation was
made at The General Electric Company in Schenectady New York!™

The use of synchrotron radiation for scientific research proceeded,
at first, as a parasitic endeavor with scientists in this field using the
synchrotron radiation that was produced as a by-product of cyclotrons and
other particle accelerators in which charged particles were accelerated
through a quasi-circular orbit. The first accelerator that was dedicated to
the production of synchrotron radiation for use in spectroscopy was the 240
MeV storage ring, Tantalus, at the University of Wisconsin at Madison which
was constructed in the late 1960’s, becoming fully operational in 1973 In
the twenty years since then, around the worid, more than 35 synchrotrons
have been constructed or will be completed in the near future® These
instruments range in size from a circumference of ~15 m up to ~1 km for a
facility such as The Advanced Photon Source at Argonne, with a cost of
between 20 million and 456 million dollars',’ respectively.

The characteristics of the photons produced by synchrotron radiation
are determined from a number of parameters; chiefly, the energy of the
electrons circulating in the storage ring, the radius of curvature of the

electron orbit, the strength of the magnetic filed in the bending magnets

[ &)




and the current or number of electrons in the ring. The details and
theoretical aspects of the production of synchrotron radiation is beyond the
scope of this thesis but have been discussed at length in many other
publicat.ionsf"8 Qualitatively, synchrotron radiation is a continuum light
source with an energy distribution curve that rises slowly at low energy
(usually in the infrared) to a maximum value at some critical energy, Ec,
which is dependant upon the bending-radius of the electron beam. The
intensity then drops off sharply at higher energy, usually in the hard X-ray
region of the spectrum.

For nearly all spectroscopic studies some type of monochromator must
be employed to separate out from the continuum those wavelengths of
interest. From this point of view the energy domain can be divided into
three main regions: O to 30 eV, 30 to 1000 eV and those energies greater
that 1000 eV. In the first region, monochromators utilizing normal
incidence or near-normal incidence optics can be employed. Between 30 and
1000 eV standard grating-type monochromators can still be used but only in
conjunction with glancing angle optics to avoid absorption of the photons by
the optical media. Above 1000 eV the wavelength of the photons is too small
even for holographically ruled gratings to be practical and
monochromatization is wusually achieved with crystal optics employing the
principles of Bragg diffraction. Within each of the three energy domains
there exist a number of specific monochromator designs whose throughput
throughout the range of interest is characterized by its range of practical

operation, its intensity as well as spatial and spectral resolution.




Section 1-2; Photoabsorption.

The study of the interaction of light with matter dates back to
antiquity with the earliest recorded theories pre-dating even Aristotle.
This interaction was not quantified, however, until the time of J.H. Lambert
(1728-77) who devised the first laws of photoabsorption spectroscopy which

were later refined by Beer to form the familiar Beer-Lambert equation,
Log(lo/1) = ux {Eq. 1-1}

where [o and 1 are, respectively, the initial and final intensities of the
radiation, u is the absorption coefficient and x is the path-length of the
light.

The absorption coefficient, u, can be related to the absorption cross

section, o, of an individual atom or molecule via Equation 1-2,
#=NArco (Eq. 1-2]

where Na is the number density of absorbing species in the path of the
light. The cross section, ¢, varies as a function of the frequency of the
radiation and is related directly to the electronic structure of the
absorbing species. Thus, the absorption coefficient u(w), at frequency w,
can be written’ in terms of the dipole matrix element MU according to

Equation 1-3,




4n2e2 2

1,J

where n is the index of refraction, and the delta function, B(El—Ej-hw). is
introduced to ensure that only transitions between quantized states with
energy difference hw are allowed. The dipole matrix element MIJ represents
the probability of an electron in state |i> interacting with the electric
field of the impinging radiation and being promoted to some state | J. Ina

system with n electrons this can be expressed mathematically as Equation

1-4,
* -~
e N P A [Eq. 1-4]

where ;-“ is the dipole moment operator for the system and \Ivi and \l', are,
respectively, the initial and final state wavefunctions of the mclecule.
Equation I-4 is often written in terms of the one particle approximation
where the many-electron wavefunctions, ¥, are replaced by n one-electron
wavefunctions, ¢, each of which act independently of all others. Here, M,

1

the one-particle approximation of Ml.l' can be written as Equation I-S.

- -
Mus "”,l r |wl> (Eq. I-5)



Although other phenomena, (such as magnetic dipole transitions, as
well as electronic and and magnetic quadrapole transitions) do contribute to
the absorption process, it is the matrix element <!l':|l-‘|¢'|> in Equation 1-5
that is the primary intensity giving process in electronic absorption
spectroscopy. For the quantity M;j to have some finite value, three
criteria must be met:

(i) Some component of the electric dipole of the molecule must be
aligned with some component of the electric vector of the light.

(ii) The initial and final states must be separated in energy by an
amount equivalent to that of the incoming photon (hw).

(iii) The initial and final state wavefunctions must overlap; that is,
they must not be orthogonal.

In the case where |'l‘|> represents the wavefunction of an electron in
a core orbital which is localized on nucleus k, then, for the matrix element
in Equation -5 to have some finite value, the final state wavefunction,
|¢j>. must also have significant amplitude in the vicinity of nucleus k.
For such discrete core-level transitions the absorption coefficient, p(w),
is usually replaced by the oscillator strength, f”, which is defined in

Equation I-6.

2mhw 2
—_— |MU| {Eq. 1-6]

1) = hz

In this definition of the oscillator strength, for an N electron atom in
initial state i, f|j will follow the sum rule first derived by Thomas, Kuhn

and Reichefo (Equation I-7).




[Eq. 1-7]

M

-
]

Z

1

However, in core-level photoabsorption, most of the oscillator
strength occurs in that energy domain which lies above the ionization
threshold in the continuum. in the continuum the oscillator strength, f W
is replaced by the spectral density, df/dE, and thus, applying the sum rule

to both the discrete and continuum regions, equation I-7 becomes,

; £, r g{; dE = N [Eq. I-8)
E
1

where the lower limit of integration, Ex' is the energy of ionization.

Core-level absorption spectra are usually divided into two separate
r-egions!l The near-edge region includes the discrete below-edge transitions
as well as those that occur up to approximately SO eV above the edge. This
region of a molecule’s spectrum is referred to as "Near-Edge X-ray
Absorption Fine Structure” (NEXAFS) or, equivalently, just "X-ray Absorption
Fine Structure” (XANES). Features at higher energies are referred to as
"Extended X-ray Absorption Fine Structure” (EXAFS). Peaks in this region of
the spectrum result largely from backscattering of the outgoing
photoelectron from the surrounding atoms in the molecule. The backscattered
electron wave interferes with that of the outgoing electron wave resulting
in regions of differing amplitude in the total electron wavefunction. These

differences in amplitude result in the presence of weak peaks in the




extended x-ray region of the spectrum. Although EXAFS is not dealt with
specifically in this thesis there are a number of excellent treatises that

document the details of this phenomenonf“s

Peaks in the XANES region of
the spectrum result from either transitions to bound states (of Rydberg,
anti-bonding molecular orbital, or mixed character) in the discrete pre-edge
region, or, in the continuum, the electron may be ejected directly into the

vacuum or it may be temporarily trapped in the vicinity of the molecule by

some potential well!!




Section 1-3; Photoelectron Spectroscopy.

The development of photoelectron spectroscopy (PES) is usually
attributed to Kai Siegbahn of the University of Uppsala during the late
1950's and early 1960's. However, the roots of the technique can actually
be traced back to the turn of the century when Innes'® recorded the first
photoelectrons using a Roentgen tube with a platinum anticathode, two
Helmholtz ccils to deflect the electrons and a photographic plate to
permanently record their trajectory. It is interesting to note that this
work was done only ten years after the discovery of the electron by J.J.
Thompson and several years before Rutherford’s discovery of the nuclear
atom. Although Einstein had published his theory of the photoelectric
effect only two years earlier, Innes, in explaining his results, erroneously
concludes that, "the most probable cause is atomic disintegration”.

Quantum theory and the theory of the nuclear atom, developed in the
first quarter of this century, led to a better understanding of
photoelectrons and eventually set the stage in the 1950’s for the first high
resolution photoelectron spectrometers built by Siegbahn at Uppsala. The
early work in this field was all done on solids; the first gas-phase
spectrum being recorded by Krause'® in 1965. The basic PES technique
involves the ionization of a sample molecule by a monochromatic beam of high
energy photons with subsequent measurement of the kinetic energy of the
ejected photoelectron. The binding energy of the electron is determined via

Equation 1-9,




BE = hv - KE [Eq. 1-9]

where BE is the binding energy of the orbital from which the photoelectron
was ejected, hy is the energy of the absorbed photon and KE is the measured
kinetic energy of the photoelectron. Photoionization is an electric dipole
interaction between the electric field of the impinging radiation and the
electric dipole of the atom or molecule. The equations describing this
process have been outlined in Section 1-2 of this chapter and need not be
repeated here.

In addition to the photon and binding energies, the kinetic energy of
the photoelectron is also a manifestation of the total energy (electronic,
vibrational, rotational, etc.} of the resulting ion'®. in atoms and
molecules with filled degenerate sub-shells the removal of an electron can
result in two final electronic states caused by the spin-orbit interaction.
For instance, removal of an electron from an atomic p-orbital can result in
an ion whose total angular momentum quantum number, J, is either 1/2 or 3/2
depending on whether the spin angular momentum of the electron hole is
opposed or aligned with the orbital angular momentum of the ion. The 1.2
ratio of the intensities of the resulting two peaks is a manifestation of
the (2J+1)-fold degeneracy of the two electronic states of the ion.

Another cause of multiple lines in the photoeiectron spectrum is the
different vibrational states of the ion. Each possible vibrational state of
the ion that becomes populated dictates that there will be that much less
energy imparted to the ejected electron. Thus, photoelectron spectra of
simple molecules often exhibit peaks whose energy spacing is a direct

reflection of the spacing between vibrational quanta in the ion. Rotational
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transitions are too small to be resnlved and it is reasonable to assume that
because their energy spacing is so much smaller than the lifetime linewidth
that they contribute only a small amount to the overall linewidth of the
spectrum.

Other notable effects include ligand-field splitting, shake up and
shake off. Ligand field splitting occurs when the electric field of a
ligand acts as a perturbation which destroys the degeneracy of the atomic p
and or atomic d-orbitals on the atom to which the ligand is bound. Although
this effect can be quite large it is much less common than vibrational
effects and usually only occurs when the central atom and its ligand(s) have
very disparate electronegativities. Shake up is the result of electronic
excitation in the ion that accompanies photoionization and shake off is
another two-electron process resulting in double ionization’’ Shake up and
shake off together usually only account for approximately 10% of the total
ionization cross section.

In determining the binding energy of an electron one usually assumes
Koopmans' theorem'” to be true. In Koopmans’ theorem the photoionization
process is treated as a single electron event in which the kinetic energy of
the outgoing photoelectron is neither enhanced nor impeded by any relaxation
or configuration interaction between the photoelectron and those electrons
remaining in the ijon. A second, and less important, approximation is that
the photoelectron, from the conservation of momentum, contains essentially
all of the kinetic energy imparted to the system by the absorbed photon.

With these two approximations in mind, photoelectron spectroscopy has
been used to measure directly the relative energies of the different

molecular orbitals of thousands of compounds in both the solid and gaseous

state.  Although the study of valence level photoelectron spectroscopy has
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proceeded rapidly right from the very beginning, interest in core level
spectra has taken longer to catch on. This is due, primarily, to the poor
resolution that results from the use of laboratory line sources such as Al
Ka and Mg Ka. Typically, the bandwidth of such a photon source is on the
order of 1 eV and the high photon energies (1486 eV for Al and 1253 eV for
Mg) result in very high electron kinetic energies for all but the deepest of
cores. As a result, the full-width-haif-height of the resulting
photoelectron peak can often be greater than 2 eV, thereby destroying any of
the fine structure and chemical information it may contain.

Although many refinements of the technique have taken place since its
inception, arguably the most important of these is the availability of
synchrotron radiation which can be tuned to essentially any energy and thus
provide a convenient, highly monochromatic excitation source. These highly
monochromatic sources have lead to better energy resolution of the ejected
photoelectron and through this, a better understanding of the ionization
process has evolved. The advent of tunable, highly monochromatic
synchrotron radiation has allowed the resolution of features as small as 0.1

eV on low lying (~100 eV) cores'®

and has improved the resolution of deeper
cores to a similar degree. Core level spectra are easier to imerpret'q
than the corresponding valence level of the same compound and have thus
become an important tool in the study of complex systems such as polymers
and surfaces.

When a core level electron is ejected it leaves the remaining
electrons in the ion in an excited state configuration. The ion can then

relax through one of two processes, namely, x-ray fluorescence or Auger

emission shown schematically in Figures I-la and I-lb. In the fluorescence

process, a valence electron fills the core hole with subsequent emission of

12




Figure I-1: (a) The schematic representation of relaxation via
fluorescence decay in a core-ionized atom. {b) The schematic
representation of relaxation via Auger emission in a core-ionized

atom.
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a photon with energy, hv, equivalent to the energy difference between the
valence and core level. In the case of Auger decay, the energy released
when a valence electron drops into the core hole is sufficient to cause
ionization of a second electron from the molecule. The rate at which these
processes occur defines the lifetime of the core hole which is directly
related to the linewidth through the Heisenberg uncertainty ;:orinciplezo

shown in Equation 1-10,

l"l z h/t [Eq. 1-10]

where l‘l is the lifetime linewidth (full width at half-height) of a given
state and t(=tl/2/0.693) is the mean lifetime of that state. The total
linewidth, l‘T. of a photoelectron peak is given by Equation [-11,

r = “.z . rz . 1..2)1/2
T s a 1

[Eq. I-11)

where l'" is the linewidth of the ionizing source, l" is the linewidth of the
analyzer and l‘l is the lifetime, or inherent linewidth of the system being
studied. The total linewidth of most spectra in this thesis is determined
primarily by the source linewidth, l'.. Table 1-1 shows how FT varies as a

function of l'" when I"l is held constant at 0.035 eV (the lifetime of the Si

2p hole state’’) and l". is held at 0.060 eV, the resolution of tie analyzer.
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Table I-1. The relationship between 't and s when I'' and Fa are held
constant at 0.035 eV and 0.060 eV respectively.

I's (eV) rr (eV)
0.010 0.070
0.020 0.072
0.030 0.076
0.040 0.080
0.050 0.086
0.060 0.092
0.070 0.099
0.080 0.106
0.090 0.114
0.100 0.122
0.110 0.130
0.120 0.139
0.130 0.147
0.140 0.156
0.150 0.165

If the Auger process is fast, (ie. the lifetime of the core hole is
short), and, if the Auger electron has higher energy than the photoelectron,
then the Auger electron can catch up to the photoelectron before both have
fully escaped from the atom or molecule. This process is referred to
post-collisional interaction (PCI) and can resuit in long tails being
produced on the high kinetic energy side of the photoelectron pealc?z The
effects of PCl on photoelectrons is complicated by the fact that in most
cases there is usually more than one Auger electron emitted.

All of the core level photoelectron spectra presented in this thesis
are of the Si 2p level which has a lifetime of approximately 1.18 X 10
(35 meV)?' Typical kinetic energies for the photcelectrons are ~25 eV; thus
the photoelectrons are more than 350 nm away from the molecule before the

Auger electron is emitted, and this coupled with the comparatively low
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energy of the Si Auger electrons leads to spectra that are largely
unaffected by PCI. By comparison, the C ls lifetime is only 0.10 eV and
thus the photoelectron (at 25 eV) will only be 100 nm away when the Auger
electron is emitted. Hence, even in photoelectron spectra of the C 1s edge,
PCl will only be important at kinetic energies that are substantially less
than 25 eV. However, it should be noted that the Auger electrons emitted as
a result of ionization of the C Is shell have much higher energy than do
those that resuit from ionization of the Si 2p level. This coupled with the

shorter lifetime of the C 1s state makes PCI much more important in C ls

spectroscopy than it is in the spectra of the Si 2p level.
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Section I-4; SCF MS-Xa Calculations.

The calculation of the electronic properties of molecules through the
use of the MS-Xa method has been described in detail in a number of
1'~epor'tszz"'32 and thus, for the sake of brevity, only a brief outline of the
technique will be presented here. The problem of the motion of electrons in
the field of atomic nuclei is best approximated by the Hartree-Fock type
one-electron wavefunctions. However, the amount of computer time required
is usually prohibitive for polyatomic molecules and thus, a simplified
version is required. The Xoa method is a seif-consistent-field (SCF)
technique which uses a "muffin tin" model to approximate the one-electron

potentials o the molecule, These potentials are calculated via the

one-electron Shrodinger equation.zs

2 .
l-Vl + Vc(l) + an(l)ldli(l) = cidli(l) (Eq. i-12]

where -Vf is the kinetic energy, Vc(l) is the electrostatic potential energy
at position 1 of the complete electronic and nuclear charge (computed
classically) and Vm(l) is the exchange potential which is dependant upon
the electron density, p, and the scaling parameter, o, as shown in Equation

1-13.
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3 1/3
an(l) = -6«.[-4' up(l)] [Eq. I-13]

In the muffin tin model the molecule in question is broken down into
three regions as shown schematically in Figure I-2. Region 1 represents the
volume within the atomic sphere where the potential is approximated by a
spherical average of the exact atomic potential. In the second region, the
inter-sphere region, the molecular potential is approximated by a constant
equal to the average of the inter-atomic potentials. In region 3 a
spherically averaged potential is wused to model the extra-molecular
potential.

The starting potential is merely the superposition of the atomic
potentials averaged in such a way so as to fit the muffin tin model. The
muffin tin potentials are then wused in the solution of the one-electron
Schrodinger equation for each of the three different regions. Solution of
these equations yields the single-electron energy eigenvalues, ¢ T which
can, in turn, be used to calculate the single-electron wavefunctions, wi' in
their proper form with the boundary condition that both the wavefunction and
its first derivative be continuous at the boundary of the sphere.

The orbitals thus calculated are populated with the correct number of
electrons, determined by the criteria specified in the calculation and are

then used to determine the new potential, thereby completing the first

iteration. This iterative process is repeated to within a previously
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Figure I-2: Schematic representation of the "muffin tin"
approximation of intramolecular potentials. Area 1 represents the
inner atomic sphere region, area 2 is the inter-atomic sphere
region and area 3 is the extra-molecular region of the molecular

potential.







specified tolerance, eventually yielding the SCF molecular potential.
The cross section in both the discrete and continuum regions is
calculated using equations of the form of [1-3] with incorpor-iion of the

+29

proper scattering boundary conditions®* Because overlapping spheres have
been found to result in improved descriptions of the ionization potentials,
total energies of molecules and better behaved cross sections, the atomic
sphere radii were calculated using the Norman procc:dur'eso and then enlarged
by I1S5%. The atomic exchange parameters, «, were taken from Schwarz's
tabulations” and the exchange parameters for both the inter and outer
sphere regions are the average of the atomic values weighted by the number
of valence electrons. In the continuum cross section caiculation the

asymptotic behavior of the potential at large values of r was treated by

adding a Latter tail®® to the outer sphere potential after the Jast

iteration.
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Section 11-1; The Grasshopper Beamline.

The details of the Grasshopper designf'z and specifically that of the
Canadian Grasshopper? have been documented elsewhere and thus will not be
treated in detail here. All of the Si 2p and Si 2s spectra in this thesis
were recorded using the Mark IV Grasshopper muaochromator at the Canadian
Synchrotron Radiation Facility (CSRF) on the Aladdin Synchrotron at the
University of Wisconsin at Madison.

The Mark IV is a high resolution, glancing angle design with a 2
meter, hoiographically ruled 1800 groove/mm grating mounted on a 1 meter
Rowland circle’ for use in the energy range 70 to 800 eV. The first optical
component in the beamline is the Mo mirror which collects 14 mrad of
radiation from the storage ring in the horizontal direction and focuses it
into the monochromator. Once inside the monochromator the radiation is
vertically focused by the Mi mirror which meets the radiation at a glancing
angle of 1. The 1 glancing angle (as opposed to 2" in earlier models)
gives improved throughput at higher energies. From the M1 mirror the
radiation is is focused through a Codling-type entrance slit and reflected
onto the grating from the slit mirror. The grating disperses the white
light into its constituent wavelengths and reflects the resulting
monochromatic beam through the exit slit.

The energy of the radiation leaving the exit slit can be adjusted by
changing the relative positions of the M1 mirror, the entrance slit mirror
and the grating which can be moved mechanically by changing the position of

the monochromator carriage. The now monochromatic radiation is then
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simultaneously refocused in both the vertical and horizontal directions by a
toroidal mirror to a minimum spot size at the interaction region and the
Rowland-circle design ensures that the exit angle remains constant as a
function of energy. The throughput of the beamline from 70 eV to 1000 eV
was measured by monitoring the current produced when the radiation strikes a
gold diode in the sample chamber. A plot of Current vs Photon Energy is
shown in Figure II-l.

The theoretical linewidth of the resulting radiation can be

calculated from Equation lI-1,
AX(A) = 0.003 X S(um) [Eq. 11-1]

where AA is the full width at haif of the maximum intensity, 0.003 is a
constant peculiar to the 1800 groove grating and S is the slit width of the
entrance and exit slits. Thus, at 100 eV photon energy, and 2 slit width of
1S um the band width of the photon source is 0.04 eV.

The monochromator is interfaced to a computer which can then be used
to set a specific energy or scan an energy range of interest. The
wavelength of the emitted radiation is related to the displacement of the

monochromator through Equation 11-2,

A= d[Sin a + Sin [ Sin'l[—l-)—-—é_—l—'-?] - (180 - a) ]] [Eq. 11-2]
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Figure [I-1: The throughput of the CSRF Grasshopper
monochromator from 70 eV to 1000 eV. This spectrum was recorded
with a 1200 groove/mm grating as opposed to the 1800 groove/mm
grating used in this thesis but the salient features of the
spectral profile are the same. (Digitized from J.D. Bozek, Ph.D.
thesis, Ref. % 7).
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where d is the spacing between rulings on the grating in A, « is the angle
of incidence, R is the radius of the grating in mm and D and Lo are,
respectively, the displacement and the zero position of the monochromator.
From the positions of the absorption lines of known compounds, D and Lo can
be calibrated thereby allowing direct calculation of the photon energy.

The monochromator is pumped by a Perkin Elmer Ultek TNB-X combination
ion pump/titanium sublimator with a combined pumping speed of 4200 L/s. In
addition there is a 25 L/s ion pump mounted at the grating to improve the
vacuum in this region. The grating is separated from the sample chamber by
a cryo pump to ensure that no material from the sample chamber contaminates

the grating. The various sample chambers used in conjunction with this

beamline all have their own pumping stations.
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Section 11-2; The Double Crystal Beamline.

In addition to the Grasshopper beamline the Canadian Synchrotron
Radiation Facility (CSRF) also maintains a double crystal monochromator
(DCM) on a separate beamline for higher energy (1750 to 3700 eV)
spectroscopic studies. The DCM employs a Golovchenko-type boomerang
mechanism® which mechanically links two InSb monochromator crystals for
proper rotation and translation. In order to keep the positicn of the exit
beam constant when the Bragg angle is scanned, the second crystal translates
while simultaneously rotating to maintain a parallel configuration with the
first crystal. The high-precision mechanics keep the second crystal
parallel to the first within 13 pum throughout the full range of travel.

The throughput of the DCM is shown in Figure 1I-2 as a function of
photon energy from 1750 eV to 3700 eV. The upper curve was recorded when
the storage ring was operating at 1 GeV while the lower dashed curve
corresponds to 0.8 GeV. The marked difference in throughput emphasizes the
need for higher energy storage rings for this type of monochromator. With a
ring current in the synchrotron of 100 mA at 1 GeV energy, the CSRF DCM
beamline will deliver approximately ax10'"° photons/second at the silicon ls
edge (1840 eV) with a photon resolution of less than 0.8 eV.

Space limitations of the beamline (< 15 m including experimental
station) dictated that the optical arrangement be one in which the
monochromator came before the refocusing mirrors. As a result, the primary
crystal bears a large heat load from the synchrotron which raises its

temperature by several degrees celsius. The temperature of the primary

w
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Figure I11-2. The throughput of the CSRF Double Crystal beamline
from 1750 eV to 3700 eV with InSb monochromator crystals.
(Digitized from B.X. Yang et al., Ref # 4)
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crystal is monitored and the secondary crystal is resistively. heated to the
same temperature to eliminate thermal variance in the two crystal lattices.

After emerging from the monochromator the divergent x-rays are
focused by reflection from a refocusing mirror. At the focal point of this
final mirror the spot size of the x-ray beam is less than lmm in width and
less than 3mm in height. During a full spectral scan (1.75 keV to 3.7 keV)
the focal point of the entire optical uystem moves by less than 0.3 mm
horizontally and less than 1 mm vertically.

User control of the beamline is achieved through the use of two IBM
PC computers which operate as a slave/master team communicating with each
other via an RS232 interface. Users bringing their own computer controlled
equipment can access the system through one of two different ways. The
user's computer can replace the master and control the slave computer

directly or the master computer can control both the slave and user devices.
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Section 11-3; Photoabsorption.

Two different types of photoabsorption equipment were used in
conjunction with the Grasshopper and the DCM respectively. Spectra of the
Si 2p and 2s edges were recorded on the Grasshopper beamline in experiments
which directly measured the attenuation of the radiation by the sample,
Spectra of the Si 1ls edge were recorded on the DCM beamline with a single
ionization chamber.

On the Grasshopper, the high pressure (~40 milli torr) area of the
sample chamber was separated from the optical components of the beamline by
a carbon-polymer window which transmitted 857 of the radiation in the 100 to
200 eV region of the spectrum. The 30 cm pathlength of the sample chamber
was pumped by a 330 L/s Balzer turbo molecular pump and the pressure was
measured with an Edwards cold-cathode type device.

At the end of the sample chamber, opposite the carbon window, a gold
diode was placed in the path of the radiation and was connected to the
negative terminal of a 9 volt battery. A second terminal from the gold
diode was fed into a Kiethly 4400 current amplifier, the output from which
was then fed to a 32 bit analog to digital converter in the computer that
controlled the monochromator. When the sample chamber was filled with the
gas of interest the computer could record the current from the gold diode
(and hence the attenuation of the radiation by the sample) as a function of
the photon energy as set by the monochromator.

Background corrections due to changes in the beam intensity as a

function of photon energy (see Figure li-1, Section I1-1} were accounted for
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by recording the background spectrum (when the sample chamber was empty)
both before and after each spectrum was run. The two background spectra

were digitally averaged and the final absorption, A, was calculated

according to Equation I1-3,

A = Log (/1) (Eq. 1I-3]

where lo is the averaged background from the empty chamber and I (which is
proportional to the transmittance of the sample) is the current produced
when the chamber is filled with the sample gas. From Equation I[1-3 the
absorption, A, is a measure of the relative cross section of the sample; no
effort was made to measure quantitatively the absolute cross sections of any
of the compounds studied in this thesis.

The absorption spectra of the Si ls edge were reccrded on the DCM
beamline using a 30 cm long single ionization chamber separated from the
optical components of the beamline by a carbon-polymer window. In an
jonization chamber® the sample gas is contained between two plates of
opposite electrical charge. When the sample is ionized by the radiation the
negatively charged particles are attracted to the positive plate and the
positive ions are attracted to the negative plate thus producing a net flow
of current between the two plates. A current thus produced is directly
proportional to the absorption of the sample. The background was measured

simultaneously by recording the current from a gold mesh placed in the path

of the radiation prior to its interaction with the sample.
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Section lI-4; The Photoelectron Spectrometers.

All core-level photoelectron spectra in this thesis are of the Si 2p
edge and as such were recorded on the Grasshopper beamline with a modified
McPherson electron energy analyzer. The McPherson spectrometer has been
described in detail by a number of thorough reports"'a and thus will only be
treated briefly here. Essentially the McPherson consists of two concentric
partial spheres with a mean radius of 36 cm. A gas cell and electron
entrance slit {1 mm) is fitted at one end of the spheres in such a way that
the synchrotron beam is directed across the face of the analyzer and
entrance slit as shown in Figure II-3.

The entire analyzer is oriented in such a way that the x, y and z
components of the electron acceptance angle are maximized at the pseudo
magic angle position for a synchrotron beam of 907 polarized light. Because
the degree of polarization changes only slightly as a function of photon
energy the electron throughput is essential.y maximized throughout the
entire energy range of the system.

The gas cell is equipped with a rectangular light pipe (inner
dimensions: 4 X 1 X 0.} cma) used to reduce the flow of sample gas from the
gas cell into the chamber. This allows pressures of aporoximately 1x10™°
torr inside the cell (in the interaction region) and a pressure of only
4)(10-5 torr in the sample chamber. The sample chamber and the analyzer are
both pumped by Balzer turbo molecular pumps with 330 and S50 L/s capacities
respectively which keep pressures in the sample chamber and analyzer at

4x10"® and 1X10”7 torr respectively during operation.




Figure 11-3. Schematic representation of the McPherson
photoelectron spectrometer at CSRF. (After Bozek et al., Bozek,
and Cutler; refs # 6-8).
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The gas inlet system in Figure 11-3 can be replaced with a solid
samplie probe which can be used to record the spectra of volatile solids.
The hollow tip of the probe can be packed with approximately lg of solid
sample which is then inserted into the gas cell. For this type of work the
gas cell can be resistively hLeated to temperatures up to 110° C to increase
the vapor pressure of the sample.

Detection of the electrons was achieved in one of two ways.
Initially a channel electron multiplier (channeltron) was used in
conjunction with a 1 mm electron exit slit and the voltage applied to the
spheres was scanned to allow passage of electrons with different Kkinetic
energies. To scan the spheres, the voltage would be held constant for a
period of 1 second while the number of counts from the channeltron was
recorded. The sphere voltage (and hence the electron kinetic energy) would
then be changed by some increment and the number of counts at that energy
would be recorded. The entire spectrum would thus be recorded by scanning
through the energy region of interest several times. With 1 mm entrance and
exit slits the theoretical electron resolution, AE/E, was equal to 1/760
which is equivalent to an electron linewidth of 0.04 eV at 30 eV kinetic
energy. In practice however, typical electron linewidths are assumed to be
closer to 0.06 eV in accord with the data presented in Table I-1 of Chapter
L.

In 1991 the electron exit slit and channeltron were replaced by a
Quantar model 3395A position sensitive detector (PSD). This device records
the number of electrons striking the detector as a function of their
position on the detector surface. The detector surface is divided into 1024

channels thereby recording an entire range of electron Kkinetic energies

simultaneously. The practical range of energies detected is a function of
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the mean kinetic energy of the electrons. Tor instance, at low mean kinetic
energies, the spatial dispersion of the electrons is greater than it would
be at high mean kinetic energies. That is, it requires more channels to
record a 1 eV range of photoelectrons whose average kinetic energy is 25 eV
than it does to record a 1 eV range of photoelectrons with a mean kinetic
energy of 100 eV.

For calibration purposes, the number of channeis required to record a
1 eV range of energies was measured as a function of mean kinetic energy of
the electrons. This was done by recording the photoelectron spectrum of the
Xe 4d level at a range of different electron kinetic energies and then
measuring the spin-orbit splitting of this level in terms of the number of
channels separating the two peaks. For instance, at a mean kinetic energy
of 25 eV the highest count rate for the d:’/2 peak was registered in channel
number 227 while that of the dszz peak was registered in channel number 810.
Given that the spin-orbit splitt’.ing-"8 of the Xe 4d level is 1.984 eV, this
corresponds to (810-227)/1.984 = 294 channels/eV. It was found that the
reciprocal of this (eV/channel) changes linearly with respect to the mean
kinetic energy of the electrons. Table 1I-1 shows the values of channels/eV
and eV/channel for a range of different mean kinetic energies and Figure
11-4 shows a plot of eV/Channel VS Mean Kinetic Energy.

It was found that for a mean kinetic energy of 25 eV the "window"
recorded by the PSD was approximately 3.5 eV wide (from 23.25 to 26.75 eV).
Thus, spectra recorded over a sufficiently narrow range of kinetic energies,
such as those of the Si 2p edge, could now be recorded in the so-called
"snap-shot mode" without scanning the voltages on the spheres. The
decreased data acquisition time with the PSD meant that the slit widths on

the monochromator could be reduced, giving lesser intensity but increased
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Figure Il-4. A plot of (eV/Channel) VS (Mean Kinetic Energy) for
the Quantar 3395A position sensitive detector.
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resolution. An example of this improvement is shown in Figure II-5 which
depicts the raw data for the Si 2p photoelectron spectra of Si2H6 recorded
with the channeltron and with the PSD. The improved count-rate, greater
number of data points and improved resolution with the PSD make obvious the
peaks and shoulders due to vibrational splitting in this molecule. The

details of this spectrum are discussed in Chapter V.

Table I1-1. The number of PSD channels/eV and the number of eV/channel as
a function of the mean kinetic energy of the photoelectrons.

Mean K.E. Channels/eV eV/ChanQ%l
(eV) (/eV) (ev X 10 7)
15.0 364 2.75
20.0 328 3.05
25.0 294 3.40
30.0 267 3.75
40.0 229 4.37
50.0 202 4.94
60.0 182 5.49
70.0 165 6.07
80.0 152 6.61
90.0 139 7.22

100.0 129 7.76

Some of the valence band photoelectron spectra in Chapter VI (those
with photon energies of 2.8 eV) were recorded on a commercial laboratory
photoelectron spectrometer essentially identical to the one described above
but equipped with a He discharge lamp as the ionizing source. This
instrument’ is a McPherson ESCA 36 pht woelectron spectrometer which has been
modified to accommodate gaseous samples and volatile solids. The original
DEC computer and data acquisition system has been replaced with an IBM PC

identical to that used at the CSRF®™®
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Figure 1I-S. The Si 2p photoelectron spectrum of SizHe recorded
with the PSD (top curve) and with the channeltron (bottom curve).
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CHAPTER I

VIBRATIONAL EFFECTS IN THE Si 2p PRE-EDGE PHOTOABSORPTION

SPECTRA OF SiH e SiD p Si2H6 AND Si3H8'




Section IlI-1; Introduction.

The Si 2p pre-edge photoabsorption spectrum of SiH 4 Was first
reported by Hayes and Brown"z and their original interpretation was then
modified using theoretical calculations by Schwarz3. Friedrich® et al and
Robins. Although the spectrum of SiD 4 has never been rec ..ded to confirm the
various interpretations, all reports agree that both symmetric and
asymmetric vibrational modes are excited upon transitions to the lower
Rydberg states (approximately 105 eV) in the pre-edge spectrum of SiH "
Furthermore, there is a general consensus that transitions to higher Rydberg
states (those that approach the ionization threshold) do not lead to the
excitation of vibrational modes. The excitation of the symmetric
vibrational mode in the Si 2p photoelectron spectra of SiH:—q and SiD; has
been reported which has led to the suspicion of the existence of vibrational
excitations throughout the phot. bsorption spectra of the higher Rydberg
states of these molecules. Furthermore, the possiblc existence of
asymmetric vibrational modes in the photoabsorption spectra brings into
question the fits that have been assigned to the photoelectron spectra of
SiH 4 and SiD 4 which do not include asymmetric vibrations.

The molecules disilane (Si2H6) and trisilane (Si3H8). because of
their high symmetry, fall into a special category. Both these molecules
contain two symmetrically equivalent cores and this leads to a unique
spectral profile in their core-level spectra due to localization of the core
hole on only one Si center. This “core-hole localization™'® results in a

lowering of the excited state symmetry of the molecule which allows coupling




between electronic and non-totally symmetric vibrational modes of the
molecule.  Although the theory of this phenomena was developed in the mid
1970's, because of technical difficulties in achieving sufficient resolution
only three experimental reports of this have been cited in the

. 11-14
literature.

In this chapter the high resolution (~0.05 eV) Si 2p pre-edge
photoabsorption spectra of both SiH 4 and SiD 4 are presented thereby allowing
the assignment of both the Rydberg levels and the vibrational excitations< in
these spectra. The photoabsorption spectra of disilane (Si2H6) and
trisilane (Si3H8) are also reported. The asymmetric Si-H vibrations, found
in the spectrum of the two-centersd molecule disilane, provide perhaps the

best example of core hole localization and vibronic coupling in core-level

spectroscopy reported thus far.
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Section 1i1-2; Experimental.

All samples were purchased commercially and used without further
purification. The photoabsorption spectra were recorded in the gas-phase
with a path length of 30 cm and a gas pressure of 30 milli torr. The
attenuation of the radiation by the sample was measured by monitoring the
electrical current from a gold diode placed at the end of the gas cell.
Spectra were recorded with and without the sample present to allow for
background correction. All spectra were recorded using the CSRF Mark 1V
Grasshopper monochromator'> at the Aladdin synchrotron of the University of
Wisconsin at Madison. The monochromator employs an 1800 groove/mm grating
which yields a minimum practical photon resolution of 0.05 eV at 105 eV

photon energy.

‘AN
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Section 111-3; Silane and Silane-da.

Figure I1li-1 shows the Si 2p photoabsorption spectra of SiH4 (top)
and SiD4 {bottom) plotted on the same axes from 102 to 109 eV and Figure
Il1-2 gives an expanded version of the 3.5 eV region between 104.5 and 108.0
eV with major peaks labeled A to T. The exact positions of most major peaks
were cstermined from the first derivative of the spectra and the positions
and assignments are summarized in Table llI-1. The spectrum of SiH4 is in
good qualitative agreement with all previously published work in this field,
but our higher intensity and higher resolution results in the observation of
new features. Combined with the isotope shifts from SiD4 we have been able
to give a more precise assignment for the Rydberg and vitrational peaks in
the Si 2p pre-edg. photoabsorption spectrum of these molecules. The
excellent resolution is demonstrated by ti.e separation of peaks B and C in
SiD4 (Table 1lI-1, Figure I1l1I-2) which have an energy difference of only 66
meV.

Comnparing our results more closely wita those of Brown’s’ (Table
ill-1) we see that the m=jor peak positions are in very good agreement. For
example, positions of peak maxima for the initial peaks B to H (Figure
HI-2) are all within 20 meV of Browns and subsequent peaks J to P are all
within 40 meV. Because our photon flux is at least 4 orders of magnitude
greater than that used by Brown we have observed new features such as peaks

A and 1, and the higher energy peaks Q to T that are previously unreported.

Furthermore, more accurate measurement, via photoelectron spectroscopyb'g.

of physical parameters such as the spin-orbit splitting (0.613 eV),
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Figure 1l1-1. The Si 2p pre-edge photoabsorption spectra
of SiH4 (top) and SiDa (bottom).
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Figure II1-2. Si 2p photoabsorption spectra of silane
(top) and silane-ds4 (bottom). The positions of the Rydberg levels
and their spin-orbit counterparts (solid horizontal lines numbered
1-11) and the positions of vibrational excitations (solid vertical
lines) and their spin-orbit counterparts (dashed vertical lines)
numbered, where space permits, according to the Rydberg (1 to 11)
or is spin-orbit counterpart (1° to 11') from which they
originated. The subscripts "a", "s" and “o" designate,
respectively, asymmetric, symmetric and overtone vibrations.
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Table IIi-1. The peaks from Figure I1II-2, their respective positions,
positions from previous work and assignments.

(a=asymmetric; s=symmetric; o=overtone).
Position (eV) Assignment
Peak Ryd.# Vib.# SiH, SiD, Hayes® 2p,, > 2p,
A 1 - 104.661 104.662 - 4p
B 2 - 104.902 104.901 104.92 Ss
C - 2a 105.00} 104.967 - a vib on 2
D - 2z 105.197 105.110 - s vib on 2
E - 20 105.300 105.176 - o vib on 2
F 3 - 105.45 105.45 105.52 3d(e)
2 - 105.51 105.51 105.52 Ss
G ~ 2a' 105.61 105.56 - a vib on 2’
H - 3s 105.75 105.66 - s vib on 3
4 - 105.78 105.78 105.84 3d(t2)
- 2¢’ 105.81 105.73 - s vib on 2’
1 - 20’ 105.91 105.80 - o vib on 2’
J S - 106.01 106.01 106.06 6s
3 - 106.07 106.07 106.10 3d(e)
- 44 106.07 105.99 - s vib on 4
K [ - 106.19 106.19 - 4d(e)
L - Ss 106.30 106.22 - s vib on 5
7 - 106.36 106.36 106.45 4d(t2)
- 3y 106.36 106.24 - s vib on 3’
4 - 106.39 106.39 106.45 3d(t2)
8 - 106.47 106.47 106.50 s
- 6s 106.48 106.40 - s vib on 6
M s - 106.62 106.62 106.68 6s
9 - 106.65 106.65 106.69 Sd(e)
- Ts 106.66 106.58 - s vib on 7
- 4, 106.68 106.60 - s vib on 4’
10 - 106.69 106.69 - 5d(t2)
N - 8s 106.76 106.68 - s vib on B
11 - 106.78 106.78 106.78 8s
6’ - 106.80 106.80 - 4d(e)
0 - Ss’ 106.92 106.84 - s vib on &’
- 9¢ 106.95 106.87 - s vib on 9
T - 106.97 106.97 107.02 4d(t2)
- 10s 106.98 106.90 - s vib on 10
P g’ - 107.08 107.08 107.09 Is
- s 107.08 107.00 - s vib on 11
- 6s’ 107.09 107.01 - s vib on €'
Q 9’ - 107.26 107.26 - Sd(e)
- Ts’ 107.27 107.19 - s vib on 7°
10’ - 107.30 107.30 - Sd(tz2)
R - 8s' 107.38 107.30 - s vib on 8’
11’ - 107.40 107.40 - 8s
S - 9’ 107.56 107.48 - s vib on 9’
- 108’ 107.59 107.51 - s vib on 10’
T - ils’ 107.69 107.61 - s vib on 11’




vibrational splitting (0.295 eV) and the Si 2p ionization threshold (107.316
eV) has lead to a better interpretation of the peak assignments in the
photoabsorption spectrum of SiH 4

The broad peak centered at 103.2 eV in Figure III-1 has been
assigned“ to a total of four transitions from the Si 2p3/2 and the Zpuz
core levels to the 4so* and 3poc* valence anti-bonding orbitals. Figure
111-2 shows the spectrum of SiH4 (top) and SiD4 (bottom) from 104.5 to 108.0
eV with Rydberg levels (numbered | to 11) marked above the two spectra.
Their corresponding spin-orbit counterparts, although not numbered
separately on Figure 11I-2, have been assigned the numbers 1’ to 11' in
Table Ill-1. The peaks that result from Si-H and Si-D vibrations have been
connected by solid lines (numbers 1| to 11) or dashed lines (1 to 11')
according to the Rydberg transition or spin-orbit splittings from which they
originated. Each vibration in Figure 1II1-2 is assigned one of three
subscripts "a", "s" or "o" which denote, respectively, asymmetric, symmetric
or overtone vibrations. The positions of all Rydberg and vibrational
excitations are tabulated in Table IlI-1. Because the first five peaks in
Figure I1l1-2 each result from only a single transition they are reported
with greater accuracy than subsequent transitions, the exact positions of
which are more difficuit to measure,

The assignment of Rydberg states in this work agrees most closely
with that of the original work by Hayes and Brown"? with four notable
exceptions:

(1) They assigned the broad peak at ~103 e to Rydberg transitions. This

3.

has been shown™* to result from transitions to anti-bonding orbitals.
(2) Three new Rydberg states have been added; numbers 1, 6 and 10 in Figure

1i-2.
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(3) The added information provided by the spectrum of SiD, has allowed for
much more precise determination of the exact positions of Rydberg levels
within a given peak.
(4) Most importantly, unlike all previous interpretations of the spectrum
of Sil-l4 (in which it was concluded that there were no vibrational
excitations associated with the higher Rydberg levels), comparison with the
spectrum of SiD4 clearly shows that there are pronounced vibrational effects
right up to threshold and beyond. This is in accord with the fact that the
Si-H(D) srymmetric vibrational mode has becn observed®™’ in the Si 2p
photoelectron spectra of these molecules.

With the exception of the first Rydberg transition (peak A in Figure
111-2 is discussed below), the remaining Rydberg levels have been divicd
into three categories: those that are of s-character and those that are of
d-character, the latter being split into E and Tz symmetry as suggested by
Schwarz®.  The positions of each of the Rydberg states, shown in Figure

11I-2, has been calculated using the simple f ormulaz,

(n-8)=[R/(A-En)1'?

lEq. I1i-1]

where n is the principle quantum number, & is the quantum defect, R is a
Rydberg (13.6 eV) and (A-En) is the term value where A is the ionization
iimit and En is the position of the Rydberg state. Because & is constant
for a given series, (n-8) should change by a value of unity for successive
Rydberg states in the same series. Table [11-2 shows the different series

to which each Rydberg state belongs as well as the values for all the t:rms

in equation [II-2. From Table I1-2, the average change in the value of




(n-3) is 0.895. Deviations from the ideal value of unity may result from

partial mixing between Rydbergs and anti-bonding orbitals.

Table III-2. The positions of the different Rydberg lines from Figure III-2
in order of increasing energy for the four different Rydberg series, term
values and average quantum defects.

Series  Rydberg En (A-En) n ] (n-8) Avg. &
p 1 104.661 2.65 4 1.73 2.27 1.73
s 2 104.902 2.41 5 2.62 2.38 -
5 106.01 1.31 6 2.77 3.23 -
8 106.47 0.87 7 3.03 3.97 -
11 106.78 0.53 8 2.92 5.08 2.84 + 0.18
dle) 3 105.45 1.87 4 1.30 2.70 -
6 106.19 1.13 5 1.52 3.48 -
9 106.65 0.67 6 1.46 4.54 1.43 £ 0.11
ditz) 4 105.78 1.55 4 1.03 2.97 -
7 106.36 0.96 S 122 3.78 -
10 106.69 0.63 6 1.33 4.67 1.19 £ 0.15

Peak A in Figure III-2 at 104.661 eV is previously unobserved in .-':H4
and is approximately 8-fold more intense in SiD4. Robin® has suggested that
the first peak in this region should be due to the 2p -» 4p transition but
erroneously‘ assigned this transition to peak B in Figure III-2. From CI
calculations Friedrich® et al predict the first Rydberg line at ~104.5 eV
(very close to the value of 104.661 eV for peak A), but go on to say that as
a result of its 2p - 4p character the intensity is too low to be observed.
We therefore assign peak A to the first Rydberg line resulting from a

transition from a Si 2p core to a 4p-type Rydberg; however, other Rydberg

states of p-character are too weak to be observed. The increased intensity
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in SiD4 is unexplained. The fact that a p to p transition is allowed at all
is unusual and may be due to a distortion of the molecular symmetry that
occurs upon core-ionization.

Peak B results from a transition to Rydberg # 2 which is of 5s
character. The vibrational excitations arising from this transition are
beautifully demonstrated by the isotopic shifts in the positions of peaks C,
D and E in Figure I1I1-2. Peak C results from the excitation of the
asymmetric Si-H bending mode associated with Rydberg # 2. Peak D results
from the excitation of the symmetric Si-H stretching mode and peak E is a
vibrational overtone that results from the excitation of both stretching and
bending modes associated with Rydberg # 2. Other Rydberg levels of
s-character are numbers 5, 8 and 10; see Table II1-2.

The frequency of the Si-H symmetric stretching vibration, 0.295 eV,
{the difference between peaks B and D) is identical to the value of the Si-H
stretching frequency measured from photoelectron spectroscopy (see Chapter
V) which is perhaps surprising considering that the transition from which
this vibration arises is 2.4 eV below threshold. Similarly the values of
0.209 eV and 0.212 eV for the Si-D vibrational frequency as measured,
respectively, by photoabsorption and photoelectron spectroscopy are in
excellent agreement. Furthermore, the measurement of the Si-D vibrational
frequency as measured by both techniques is predicted exactly by Equation

1i1-2,

V(SI-D)/V(SI-H) = lu(sn—mm(m-m]m {Eq. 111-2)

where v is the vibrational frequency and u is the reduced mass.

The frequency of the Si-H asymmetric bending mode (the difference




between peaks B and C or between peaks D and E) has an average value of
0.102 eV in SiH4 and 0.066 eV in SiD4; again, in excellent agreement with
equation Il1-2. Although this vibrational mode has not been observed in the
photoelectron spectra of either SiH 4 O SiD4 the photoelectron spectrum of
disilaneq, SiH3-SiH3. does exhibit a vibrational progression with an energy
spacing of 0.102 eV and this value is further confirmed by the long
vibrational progression in the photoabsorption spectrum of this molecule
(see Figure II-3).

Peak G in Figure III-2 is the spin-orbit counterpart of peak C and
the previously unobserved peak 1 is the spin-orbit of peak E. Beyond peak 1
(~105.9 eV) there is no definite evidence of the Si-H asymmetric bending
vibration; this vibrational mode seems to be associated only with the 2p -
5s transition but due to the complexity of the spectrum, better resolution
is required to confirm this.

The spectrum of SiD 4 has also been extremely useful in assigning the
position of more subtle vibrational effects such as peak H in Figure III-2.
The fact that there is vibrational structure in this peak only becomes
obvious when it is compared to the corresponding position in the spectrum of
SiD4. Here we see that peak H is comprised of more than just a single
Rydberg transition, as was suggested previouslyl's, and actually contains a
significant amount of vibrational structure. For proper interpretation and
assignment of these spectra, a comparison of different regions of the two

spectra shown n Figure I11-2 makes clear the need to include vibrational

excitations throughout the pre-edge region.
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Section I11-4; Disilane and Trisilane.

Figure [1-3 shows the photoabsorption spectra of disilane (SiZHG,
and trisilane (Si3H8) plotted on the same axes; the data is summarized in
Table I11-3. Both spectra have the same general profile but the rich
vibrational structure seen in disilane is much less evident in trisilane.
It is immediately obvious that the vibrational progression in disilane is
radically different from that of the single-centered molecuie SiH 4 None
the less, there are some similarities.

Peak 1 in disilane has been assigned to the same core to anti-bonding
transitions as in SiH4: namely 2p -+ 4so® and 2p +» 3po*. The 0.4 eV shift of
this peak to lower energy (relative to the corresponding peak in SiH 4) is
commensurate with the chemical shift (0.3 eVv)’ expected when a Si-H bond is
replaced by a Si-Si bond. If peak 1 in disilane is aligned with the
corresponding peak in SiH 4 (Figure 111-1) then peaks 2 through S correspond
very closely to the position of Rydberg states as determined from the
photoabsorption spectra of SiH 4 and SiD4. The shoulder inbetween peaks |
and 2, at ~104.0 eV in Figure III-3, may correspond to the Si 2p - 4p
Rydberg transition (peak A, Figure I[1I-2) barely observable in SiH4.
Peak 2 in Figure IlI-3 corresponds exactly with the Si 2p - Ss transition
in the spectrum of SiH4 {peak B, Figure Ili-2) and peaks 3, 4 and 5 in
disilane (Figure I11-3) result from transitions to higher Rydberg Ilevels.
Peaks 3, 4 and S (Figure I11I-3) each show rich vibrationa! structure which,

as in SiH4 and SiD4, continues right up to the ionization threshold and

beyond. In particular, the vibrational manifold on peak 3 has a shape very




Figure [HI-3. The Si 2p photoabsorption spectra of
disilane (top) and trisilane (bottom) from 101.5 to 108.5 eV.
Peak | results from transitions to anti-bording orbitals while
peaks 2-5 result from Rydberg transitions.
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.imilar to that found in the photoelectron spectrum’ of this compound. More
importantly, the vibrational energy spacing in these peaks is exactly the

same as that found in the photoelectron spectrum of disilane (0.102 eV or

827 cm-l).

Table 11I-3 Positions of maxima in Si 2p plotoabsorption spectra of
disilane and trisilane.

Position of Fir<: Position of

Muiecule Peak Vibration (eV) Maxima (eV)
ng”G 1 - 102.79

2 104.25 104.54

3 105.08 105.29

4 105.68 105.88

S - 106.30
SI3H8 1 - 102.69

2 - 104.49

3 - 105.13

4 - 105.77

S - 106.26

Ti.e theory of vibrational structure in the core-level photoelectron
and photoabsorption spectra of small molecules has been studied extensively
from a theoretical'® point of view. Because the theory for photoelectron
and photoabsorption spectroscopy is essentially the same, no distinction
hetween the two will be made here and the theories thus detailed will be
equally apoiicable to ‘ie photoelectron results presented in Chapter V

The theory of vitronic coupling, which leads to the :»xcitation of
asvminetric vibi-ational modes, in core level spectroscopy was Tirst discussed

10107 in 1977. They suggested that the core level

by Doncke and Cederbaum

67




spectra of molecules with two or more equivalent cores (such as the O s
spectrum of COZ) would exhibit the asymmetric vibrational mode as a result
of vibronic coupling due to core-hole localization. However, it took until
1989 for technology to <catch up to the point where the C s

photoabsorption spectra of simple hydrocarbons (C H,, C_H,, C,H  and C()llb)

2 24 2%

could be recorded with sufficient resolution to observe the vibrational fine
structure in their spectrafl_M The C 1s photoabsorption spectra of these
molecules did indeed exhibit the excitation of the C-H asymmetric stretching
frequency and thus vindicated the theory of Domcke and Cederbaum that was
set down more than a decade earlijer. Recently the Si 2p photoelectron
spectrum of disilane12 (Si2H6), the <ilicon analog of ethane, has been
recorded with sufficient resolution to detect the excitation of asymmetric
Si-H stretching modes in the photoelectron spectrum of this molecule; this
was the first example of this effect in photoelectron spectroscopy (see
Chapter V).

The complete Hamiltonian for the system in question can be written

as,

H=H +H + H +H {Eq. Hi-3]
N EN EN

a

where the first term, HE, describes the electronic motion when the nucled

are fixed at the Hartree-Fock (HF) ground state geometry. The second term,

~

HN. describes the motion of the nuclei in the harmonic HF potential and the

-

last two terms, H::N and ﬁ; represent the coupling of the HFE particles with

. 10 z
the nuciear motion'®® Because the last term, HEN, is very small only the
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third term in Equation 1I1-3, ﬁ::N. is considered when discussing the

: . . 10f

coupling between electronic and vibrational modes.
The transition operator 'i'. relates to the promotion of an electron
from some initial state i to some final state . In the one-particle

10c

approximation of the occupation number representation T can be written

as the product of electron creation and annihilation operators. For the

photoelectron experiment where the electron is ejected, tue transition

operator would be written as,

T=o0a (Eq. I11-4]

where a and «, are, respectively, the annihilation operator for the
particle in the one-par.icle state |i> and the matrix element for this
process In the case of photoabsorption where the electron is merely

promoted to an excited state, T can be written as,

T= o aa {Eq. I1II-5]}

where a; is the electron creation operator and, i and j represent the
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initial and final one-particle states |i> and | j>. The annihilation and
creation operators can be written as a function of the normal vibrational
coordinates of the molecule, Qs (where s=1 to 3N-6), according to Fquations

Hi-6 and IHI-7.

;‘(Qs) ) <¢l(Qs)I¢k(0)>;k [Eq. 111-6]
k

a'(Qs) = F ‘%‘0”"’.‘0”":‘; [Eq. 111-7)
k

Using this formalism and bs and b;, the annihilation and creation operators
for vibrational quanta of the s'" normal mode, the three terms in Equation

III-3 can be written'™' according to Equations II1-8, I1I1-9 and II-10.
f{E= L el0a'a (Eq. HI-8]
- .- i B
HN- ) ws(bsb: 1/2) [Eq. 111-9]

~1/2

HEN= ):l{: 2 (681/60‘)013131- n|l(bso bs) [Eq. 111-10]
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where 81(0) is the energy of the ith orbital in the HF ground state, w is
the vibrational frequency of the sth vibrational mode, nl is the occupation
number (n=0 or 1 in the one-particle approx.) and the other symbols retain
their previously ascribed definitions.

Within the adiabatic approximation, l:lEN now represents the coupling
between the electronic and vibrational quantum states. However, for those
vibrational modes which are not totally symmetric, the derivative (ael/aQ.)o
in Equation I11-10 is identically zero and thus there can be no linear
coupling to vibrational modes of non-totally symmetric states. Thus the
coupling tc asymmetric vibrational modes is a second order phenomenon and
the inclusion of non-adiabatic effects hinges upon the dependence of the

electron annihilation and creation operators, a and a:, on the normal

coordinates of the vibrational modes, Qs. Thus, from Equation I11-7,

'] ~e _ 3 “e
so- 3, = )k: <0 30+ |#(@»>a [Eq. IH-11]

Given the fact that I¢l(Qs)> obey the Schrodinger equation it is possible to

write

H_()]9,(Q)> = £ (Q)]¢ (@)> [Eq. 1lI-12]
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after which the matrix element in the right hand side of Equation I1-11

10f
becomes,

<¢, (Q)] 3He1/50: | ¢ (Q)>
£(Q) - £ (Q)

<¢ Q)| a_of‘ 19 (Q)> = [Eq. 11-13]

Combining Equations IlI-13 and IlI-1i (in which you sum over all of
the states k) it is obvious that the derivative of the electronic operators
;: and ;l (and hence the probability of exciting asymmetric vibrations) inay
become large if there exists two orbitals, c{Q) and C£Q) that are close in
energy.

Disilane belongs to the D:’h point group and the 2 sets of 2p orbitals
will form four molecular orbitals; namely a og anu ou will be formed from
the two 2pz orbitals and a mg and awu will be formed from the four 2px and
2py atomic orbitals. Considering a transition from the 2p o orbital (the
theory for the mn-orbitals is analogous), it follows from Equation [11-13
that the matrix zlement, <¢0"gl "S%T |¢cu> where Qu denotes the normal
coordinates of the asymmetric vibrational modes, may be very large due to
the near degeneracy of the og and the ou orbitals. The non-diagonai matrix
elements of 8/8Q¢ however, where Qg denotes the coordinates of the symmetric

bl:lel

‘l 307 I¢m‘> = O due to the

vibratirnal modes, will all be zero because, <¢c

odd parity of the integral.
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From symmetry considerations, taking ¢£Q)=¢r; and ¢§Q)=O'u (which have,
respectively, Aig and A2u symmetry), the matrix element in Equation III-13
can only have a non-zero value if 5|:lel/30: transforms as the A2u irreducible
representation. That is, only the v, vibrational mode of A2u symmetry can
couple these two electronic states. From the infrared spectrumw'” of
disilane the frequency of the A2u vibrational mode absorbs at 844 cm.1 which
i only slightly higher than the frequency of 827 cm™ observed in the Si 2p
photoabsorption spectrum (Figures 1II-3, and IlI-4) of this molecule.
Although it is unusual to have a vibrational frequency in the core-jonized
species that is lower than that of the same vibrational mode in the neutral
molecule, these findings are in accord with the C 1s spectra of the

symmetrically equivalent molecules C2H6 and C2D6' Data for the A2zu

vibrational mode of all three molecules is presented in Table III-4.

Table 111-4, Vibrationai frequencies for the Azu mode in the neutral
molecule and in the core-ionized species of ethane, ethane-de and disilane.

Molecule M-H bending Freq? Vib. Freq. of lonb
CH-CH, 1379 em” 1290 cm”!
Cp,,-CD,, 1077 cm”} 1048 cm” !
SiH,-SiH, 844 cm” 827 cm !

(a) Observed infrared bending mode of Azu symmetry where M= C or Si
Data taken from ref.#17

(b) Observed vibrational frequency in the core-level photoabsorption
spectrum; frequencies for ethane and ethane-ds were caiculated from data
presented in ref. # 13.



-
<

Unlike the disilane crp molecular orbitals, which are of exactly the
same symmetry as the o orbitals in ethane, the Si 2p atomic orbitals
combine in disilane to also form "ny oonding and anti-bonding molecular
orbitals that are of Eg and Eu symmetry respectively. Accordingly, the
symmetry selection rules in Equation I1I-13 will be different here and it is
Tound that the 2p = molecular orbitals can be coupled by any of the
asymmetric vibrational modes; namely the A, A2u or the Eu. However, from
the infrared data the vibrational frequency of the Aiu and the Eu modes is,
respectively, ~200 cm™ and 2179 cm’’ But, the long unbroken vibrational
progression in the spectrum of disilane suggests the presence of only a
single vibrational mode, and based on this, it is concluded that only
vibrations of Azu symmetry are excited in the Si 2p pre-edge photoabsorption
spectrum of disilane.

Another difference between the spectrum of C2H6 and SiZH6 is that in
the former the vibrational envelope is quite small, where as the long
progression of the asymmetric vibrational mode in disilane is perhaps the
best example of this phenomenon recorded to date. Also different from the
spectrum of ethane is the fact that the totally symmetric Si-H vibration,
which is coupled linearly to the electronic transition. is not observed in
either the photoabsorption or the photoelectron spectrum of this cuompound
where as the C-H symmetric vibration is clearly evident in the C ls spectrum
of ethane. However there is evidence of the symmetric Si-Si vibration in
Figure HI-4.

Figure II1-4 shovs an expansion of the region from 104.0 to 107.5 eV
for disilane and trisilane. Vibrational effects on peak 2 are apparent anly

as weak shouiders but become evident in the first derivative which is

plotted on the same x-axis in Figure I[{1-4, Because peak 2 has
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Figure II11-4. An expansion of the region from 104.0 to
107.5 eV for disilane {(top) and trisilane (bottom). The first
derivative of peak 2 in disilane shows vibrational structure with
an average energy spcaing of 0.056 eV.
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approximately the same linewidth as peak 3 (where vibrational structure is
clearly resolved) the vibrational energy spacing on peak 2 must be
considerably less than the 102 meV measured for peaks 3, 4 and 5. The
average energy spacing between maxima in the first derivative of peak 2 is
56 meV - very close to the 53.9 meV (434 em™') for the Si-Si vibrational
stretching mode as measure by infrared spectroscopyn. It is interesting to
note that in both SiH4 and Si,H_ that transitions from 2p - 5. result in the

26

excitation of unexpected vibrational modes: in Sil*l4 the asymmetric Si-H
bending mode is excited and in Si2H6 tl.e Si-Si stretching mode is excited.
These two vibrational modes may be present on other transitions in these two
molecules but, because of the complexity of the spectra better resolution is
needed to resolve t is issue.

The spectrum of trisilane is essentially the same as that of disilane
but with attenuated vibrational resolution. The obvious shoulders on peak 1
in disilane become washed out in the spectrum of trisilane (Figure I[11-3)
due to the fact that there are Si atoms in two different chemical
environments in this molecule. The expansion of peaks 2 through 5 (Figure
11I-4) does show some evidence of vibrational structure in peaks 3, 4 and 5
but even the first derivative (not shown) does not show a regularly
repeating vibrational frequency. This is likely caused by interference
resulting from the two different chemical environments of Si and the
resultant differencce in the types of Si-H bond in this molecule. Further

complications may arise as a result of Si-Si vibrations in this molecule,

especially in peak 2.
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CHAPTER |V

_— _ _ < )
Si L- and K-Edge XANES of Gas-Phase ¢ l(CHa)x(OCH3) X

Models For Solid State Analogs



Section IV-1; Introduction.

Largely due to its importance in the semi-conductor industry, the Si

L-edge and valence band spectra of SiO, have been a topic of continued

2

interest thioughout the past 25 yearsl'q. The tetrahedral symmetry of SiO2

enables a molecular-orbital interpretation of the electronic structure' and

most of the theoretical work has centered on the Si0;4 ion'®".  This ion
however is not a particularly good model for SiO2 for two reasons?o First,

it is an ion with a large negative charge, and second, unlike ‘SiO2 where
each O is bonded to two Si’'s, the oxygen atoms in Sioz— each have a single
dangling bond.

Surprisingly, very little work has been done to colapare gas-phase
analogs and solid state spectra. Dehmer' has compared the Si 2p
photoabsorption XANES spectra of gaseous SiCl 4 and SiF4 to that of solid
state SiO.2 and SiFg- to demonstrate the similarities between the tetrahedral

and octahedral symmetries. In doing so, he showed that the spectra of the

gas-phase compounds and the solid state SiO, are qualitatively similar.

2
Furthermore, he was able to delineate the correspondence between the
energies of the molecular orbitals of Si compounds with different symmetries
(octahedral versus tetrahedral). More recently Filatova et at-.7 have
published a similar comparison of the L-edge spectrum of SiO2 and the solid
state spectra of SiF 4 and SiH pe

For reasons unknown, no investigation has been made of the more

obvious analog, tetramethoxy silane, Si(OCHs) 4 The tetrahedral arrangement

of four oxygens around the silicon atom is jdentical to that in the SiO2
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structure, and the four methyl groups simulate the environment of a second

Si bonded to each O. For these reasons it is felt that this is a far
superior experimental model than SiCl4. Sil-'4 or SiH4. and possibly a better

theoretical model than SiOZT

This chapter presents: first, a complete analysis of the high
resolution photoabsorption XANES spectra of the Si 1s, 2s and 2p edges of
the five compounds in the series Si(CHa)x(OCHa) 4-X second, the theoretical
cross section calculations of the two end members of the series, tetramethyl
silane (TMS, Si(CH3)4) and tetramethoxy silane (TMOS, Si(OCH3)4); and third,
a comparison of the gas-phase spectra with existing spectra of solid state
analogs (ie. silicon carbide and silicon dioxide). The objectives of this
chapter are three-fold: first, to show that the gas-phase XANES spectra of
Si(OCHs) 4 and Si(CHB) 4 2re indeed excellent analogs for the Si 2p spectra of
the solid state compounds SiO2 and SiC respectively. The second ob jective
was to show that the MS-Xa cross section calculations of the molecular
spectra can readily explain both the gas-phase and the solid state spectra.
The third and final objective of this chapter was to show that the L-edge
spectra of the compounds MO4 (M= Si, P, S, Cl) are all qualitatively similar

and can be explained analogously,




Section I1V-2; Experimental and Theoretical.

All samples were purchased commercially from Huls America with purity
greater than 997 and used without further purification. The photoabsorption
spectra of the Si 2s and 2p edges of all five compounds were recorded in the
gas-phase with a path length of 30 cm and a gas pressure of 30 milli torr.
The attenuation of the radiatior. 1, by the sample was measured by
monitoring the electrical current from a gold diode placed at the end of the
gas cell. The background, lo, for each spectra was determined separately by
recording the spectrum of the evacuated cell both before and after recording
the spectra of the compound. The two background spectra were then averaged

and the final absorption, A, was calculated via Equation IV-].
A=log(lo/1) [Eq. 1V-1]

All L-edge spectra were recorded using the CSRF Mark IV Grasshopper
monochromator'? at the Aladdin synchrotron of the University of Wisconsin at
Madison. The monochromator employs an 1800 groove/mm grating which yields a
minimum practical photon resolution of 0.05 eV at 105 eV photon energy. The
accuracy of the monochromator was calibrated by recording the position of
the Kr 3d5/2 edge which has a binding energy of 93.798 ev!? The peak
positions of the spectra in this chapter are accurate to within 20.05 eV.

The five spectra of the Si ls region were recorded in the gas-phase
with a path length of SO0 cm using a single jonization chamber on the CSRF

Double Crystal“ beam line at the Aladdin Synchrotron at the University of




Wisconsin. The Double Crystal monochromator employs twin InSb crystals and
has a resolution of better than 0.80 eV at the Si )s edge (approximately
1840 eV). Both 1 and Jo were measured simultaneousiy and the final
absorption, A, was calculated from Equation IV-]. Calibration of the
monochromator was done by recording the Si 1s spectrum of SiCl 4 and
comparing this to previously published work'*® Peak positions are
accurate to within * 0.1 eV.

The photoelectron spectrometer used to record the valence band
spectrum of Si(OCH:;)4 has been described in detail elsewhere'’ Briefly, the
spectrometer consists of a McPherson 36 cm mean radius electron energy
analyzer with Imm entrance and exit slits resulting in a theoretical
electron resolution, AE/E, of ~1/720. For electron kinetic energies of ~100
eV the theoretical value of AE is ~0.14 eV. Assorted diff erential pumping
was used on the spectrometer and beamline to isolate the high pressure of
the gas cell from the optical components of the beamline.

The L-edge solid state XANES spectrum of Sio2 was recorded on the
CSRF grasshopper beamline and the K-edge spectrum was recorded on the CSRF
DCM beamline. The spectra of other solid state compounds, ((Ca)s(PO4)2.
NaZSO 4 and NaClO 4), were all recorded on the CSRF grasshopper beamline. All
spectra were recorded in the total electron yield mode!®

Theoretical results, oscillator strengths and continuum cross
sections of the Si Is, 2s and 2p edges for the two molecules TMS (Si(CH3)4)
and TMOS (Si(OCH3)4). were carried out using the MS-X« method'® and the
continuum cross section program of Davenportzo. The true symmetry of TMOS

is Ss4 which is not amenable to the MS-Xa technique and so the calculations

on this molecule were carried out in Czv symmetry. The calculations for TMS

were carried out in the true tetrahedral symmetry. In both cases a Latter




tail?’ was added to account for the potential’'s asymptotic behavior at large
distances.

Structural data for these two molecules was obtained from gas-phase
electron diffraction s;tudies?2 and was used to calculate the atomic
positions for the calculations. The values used for the sphere size, atomic
exchange parameters and lmax values for all regions are listed in Table
IV-1. The cross section and oscillator strength calculations for all edges
were carried out using a converged transition state potential created by
removing half an electron from the appropriate core-level in the ground
state. All processes allowed by the dipole selection rules were included in

the bound state and continuum cross section calculations.

Table IV-1: The sphere radii, a values and initial and final state values
of lmax for the calculations of the two molecules Si(OCH3)s and Si(CHa)a.

lmax
Molecule Region Radius (au) a Initial Final
Si(OCHa)s Outer Sphere 6.42 0.7545 9 7
Si 1.99 0.7275 3 S
O1 1.43 0.7445 2 q
02 1.43 0.7445 2 4
C 1.51 0.7593 P 4
C2 1.51 0.7593 2 4
Hi 1.04 0.7772 v 2
H2 1.04 0.7772 ) 2
H3 1.01 0.7772 0 2
Ha 1.01 0.7772 0 2
Si(CH3)s Outer sphere 5.70 0.7620 4 6
Si 2.06 0.7275 3 5
C 1.48 0.7593 2 4
H 1.00 0.7772 0 2
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Section 1V-3; Si 2p-Edge

Figure IV-1 shows the Si 2p and 2s XANES photoabsorption spectra of
the five compounds in the series Si(Cl~l3)x(OCI*l3)4_X from 90 to 190 eV. All
five spectra are superimpused upon the background of a decreasing valence
cross section. Because the decrease in the valence cross section is much
greater for O in this region than it is for C, the effect of the background
becoines less prominent as the number of methoxy groups in the molecule
decreases.

The overall shapes of the five spectra in Figure IV-l are very
similar to each other and to the spectra of other silicon-containingl'za'“
molecules such as SiCl 4 and SiF4. The peaks at ~114 and ~128 eV are labeled
G and H respectively, (labels A to F are reserved for the pre-edge features
in Figure IV-2) and are present in all five spectra with peak H shifting
slightly to lower energy as the more electronegative methoxy groups are
replaced with methyl groups (see Table IV-2). Features resulting from
transitions of the Si 2s electrons at ~155 eV are not labeled in Figure IV-1
but will be discussed separately in reference to the K-edge spectra (see
Figures IV-8 to IV-11). For the sake of consistency, throughout this report,
wherever possible, peaks that arise from transitions to the same orbitals
will be labeled with the same letter. In the case of L-edge spectra, the

P and p components of the transition will be labeled with a letter and

372 172

its prime (ie. peaks A and A’). Figure 1V-2 shows the pre-edge regior of
the same five compounds shown in Figure IV-l on an expanded scale from 101

to 111 eV, and the positions of the peaks from Figure V-2 (peaks A to F)
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Figure 1V-1.
(x=0 to 4)

The Si 2p and 2s XANES spectra of Si(OCHa)x(CH3)a-x
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Figure IV-2. The Si 2p XANES spectra of Si(OCH3)x(CH3)a-x (x=0
to 4)
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and the peaks from Figure IV-1, (peaks G & H) are listed in Table 1V-2. The

position of the flag that marks the Si Zpa/2 adiabatic ionization potential

is taken from reference 25.

Table IV-2:

adiabatic binding energies from reference # 24.

The peak positions (in eV £ 0.05 eV) of the spectra shown in
Figures Jv-l1, IV-2 and IV-3A, and, the position of the Si 2;:0:’,z and va

Molecule Si(OCH3)x(CI~13)4_x (Fig IV-1 & 2)

Figure IV-3A

Peak X=0 X=] X=2 X=3 X=4 SiO2 DOS
(+ 959 eV)
A 102.82 103.52 103.52 104.47 104.76 105.57 105.9
A' 103.48 104.12 104.15 105.05 105.42 106.10 -
B 103.38 104.78 104.84 105.52 - - -
B’ 103.98 105.34 105.52 106.13 106.27 - -
C 104.00 105.39 105.40 107.69 108.10 108.04 107.9
C 105.15 105.95 105.9% - - - -
D 104.74 106.38 107.71 - 111.31 111.39 111.1
D’ 105.37 - - - - - -
E 105.1S8 - - - - - -
E’ 105.83 - - - - - -
F 105.37 - - - - - -
F 106.26 - - - - - -
G 114.65 114.55 114.02 114.19 114.82 114.51 118.1
H 126.85 127.10 128.18 128.70 129.36 130.53 -
Si 2Pas2  105.86 106.3(1) 106.6(1) 107.0(1) 107.42 103.8(1)* -
Si 2P1ir2  106.47 106.9(1) 107.2(1) 107.6(1) 108.03 104.4(1)* -

* Si 2p ionization energies for SiO2 were taken from reference 37

2

91




Immediately obvicus is the increase in complexity of the spectra as
you move through the series from TMOS (Si(OCH3)4) to TMS (Si(CH3)4). Nine
peaks are observed in Figure IV-2 for the pre-edge region of TMS (some of
which result from multiple transitions), in accord with previous work on
this moleculeza. while only four peaks are observed for TMOS. The TMS peaks
have been assigned to Si 2p to Rydberg transitions> In contrast, the TMOS
spectrum is more similar to that of SiF:s in which the major peaks are due
to Si 2p to antibonding transitions. In terms of Dehmer’'s effective
potential barrier model’ this decrease in complexity from TMS to TMOS is due
to the creation of a potential barrier by the electronegative oxygen atoms
allowing transitions only to an inner and outer potential-well and thereby
obscuring the Rydberg fine structure in those compounds as the number of
methoxy groups increases. By the time two methoxy groups have been replaced
with methyl groups the pre-edge region (Figure IV-2) has become more like
the spectrum of TMS while the post-edge region (Figures IV-1 & IV-2} has
remained similar to that of TMOS.

Figure IV-3A shows the spectra of TMOS and SiO,, and a density of
states (DOS) calculation for SiO2 (digitized from reference # 26) all
plotted on the same axes while Figure IV-3B shows the spectrum of TMS and
Filatova’s spectrum of silicon carbide (digitized from reference # 7). The
peak positions for the spectrum of SiO2 and the DOS calculations in Figure
IV-3A are detailed in the last two columns of Table IV-2. The spectra of
SiO2 and TMOS are remarkably similar; each has a sharp doublet centered at
~105.5 eV (peaks A and A’ in Figure IV-3A) followed by a broader peak at
~107.5 eV (peak C). Peak D is a distinct feature in the solid state
spectrum but shows up only as a shoulder on peak C in the gas-phase analog.

This is “ollowed by a broad, asymmetric peak at ~114 eV and a very broad
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Figure 1V-3. (A) The Si 2p gas-phase spectra Si(OCH3)a (top),
solid state Si102 (middle) and DOS calculation (bottom). (B} The

Si 2p gas-phase spectra of Si(CHa)s
(bottom).

(top) and solid state SiC
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peak at ~130 eV (peaks G and H respectively). The initial doublet is

shifted to higher energy in the spectrum of SiO but, all other peaks

>
occur at almost exactly the same position and have similar intensity.
The conduction band in the DOS calculation has been shifted by 95.9

eV to align it with the L-edge XANES spectrum of SiO It is interesting to

>
note that although the DOS calculation shows only th= relative position of
the unoccupied states (and not the s or p character of these states or the
transition probabilities to these states) the overall shape of the DOS plot

is quite similar to that of the Si 2p spectrum of Si0O,. Peaks A, C and D

o
have similar relative positions in the DOS calculation and the SiO2
spectrum. The difference in relative intensity could well be due to the
different s and p character of the conduction band data. Obviously peak G
is not well reproduced by the DOS calculations. Unfortunately, the original
authors®® did not assign or even discuss the s and p character of the
conduction band and as such, no direct comparison can be made with the
current calculations (see Figures 1IV-4 and IV-5). A more detailed

comparison of the DOS calculation®® and the SiO spectrum will be dealt with

2
in a future publication?.' In Figure [IV-3B the fine structure in the
pre-edge region of the SiC spectrum is washed out compared to the spectrum
of TMS but the spectra are otherwise qualitatively similar. Better quality
spectra of SiC are required for a more detailed comparison.

Despite the similar general appearance, there are however some

differences between the spectrum of the solid state SiO, and the gas-phase

2
TMOS: the relative intensities of the initial doublet are reversed in the
gas and solid state, and the small peak labeled B’ in the spectrum of TMOS
(Figure IV-2) is not present in the spectrum of Sioz. Both of these

differences can be rationalized by analysis of the MS-Xa simulation which is




discussed below. Peak C, centered at ~l07 eV, is much sharper in the solid
state spectrum than it is in the gas-phase and this may be the result of
splitting of the energy levels due to the lower symmetry of TMOS compared
with the tetrahedral symmetry of SiOZ. Also, there is a small feature in

the spectrum of SiO, at ~111 eV (peak D, Figure IV-3A) that is washed out by

2
peak C in the spectrum of TMOS and, peak G has a slight shoulder on the high
energy side in the solid state that is not present in the gas-phase. The
above discrepancies not withstanding, spectra of this similarity can only
arise from almost identical electronic transitions in the two compounds and
this is strong evidence that the Si 2p XANES features are dependent almost
entirely upon the local environment of the central Si atom, with extended
long range structure playing only a minor role. A similar conclusion has
been reached”® for the Si l"z,:; edge in the ELNES spectra of the
nesosilicates MgZSiOZ, FCZSiO‘. BeZSiO‘. anSiO‘.

Figur.s IV-4 and 1V-5 show the pre-edge and continuum region of TMOS
and TMS, respectively, together with their respective MS-Xa simulations.
The simulation of TMS was carried out in Ta symmetry while that of TMOS was
done in Czv because the true Ss symmetry of TMOS is not amenable to the
MS-Xa technique. The present results for the Si 2p edge of TMS agree
quantitatively with those of Bozek>> and the assignments and oscillator
strengths for TMOS and TMS are presented in Table IV-3.

The simulated pre-edge spectra in Figure IV-4 were calculated using
the positions of the unoccupied molecular orbitals and their corresponding
oscillator strengths. Each peak was coupled to its spin-orbit counter-part
with a splitting of 0.613 eV and an intensity ratio of 2:1. [Each transition

was represented by a peak with a half-height width of 0.5 eV for TMOS and

0.4 eV for TMS and a 1007 Lorentzian lineshape. In both cases the simulated
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Figure 1V-4. (A) The Si 2p pre-edge XANES spectra of Si(OCH3)s
(top) and the corresponding MS-Xa SCF simulation (bottom).
(B) The Si 2p pre-edge XANES spectra of Si(CHa)s {(top) and the
corresponding MS-Xa SCF simulation (bottom). Dashed lines in both
(A) and (B) mark the positions of the individual transitions.
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Figure IV-S. (A) The Si 2p continuum spectra of Si{OCH3)4 (top)
and the corresponding MS-Xa SCF simulation (bottom). (B) The Si
2p continuum spectra of Si(CH3)s (top) and the corresponding MS-Xa
SCF simulation (bottom).




100

o

c (A)

1)
[ N S I I A

Cross Section (Arb. Scale)

®)

S N B B O N
100 105 110 115 120 125 130 135 140
Photon Energy (eV)
10
T H (8)
'6 -
o g
W 4
-é ] G
< /\
5...
c R
S ]
+ -
o
w -
" i
wn
o ]
© 0 LI B 0 N L I B O B B
100 105 110 115 120 125 130 135 140

Photon Energy (eV)




spectra had to be shifted by ~0.7 eV to align them

with the experimental

data.

Table 1V-3: The calculated orbitals, transition energies, term values and

oscillator strengths for the Si 2p edge of Si(OCH3a)4 and Si(CHa)a. The

Corresponding experimental peak is shown in parenthesis after the energy.

Calc. Energy (exp peak) Term Oscillator

Orbital P3rs2 (eV) P12 (eV) Value (eV) Strength Remark

Si(OCH3)s a
a* 104.84(A) 105.45(A°) 2.58 1.26 X 10 Antibonding
a 105.68(B) 106.29(B’) 1.74 2.67 X 107 Mixed Ryd.
a® 107.70(C) 108.31(C) -0.28 9.24 X 10°'  Antibonding
b* 108.00(C) 108.61(C) -0.58 3.61 X 10°*  Antibonding
b2 108.00(C) 108.61(C) -0.58 3.61 ¥ 107  Antibonding

Si(Cii3)s _3
ats 103.67(B) 104.28(B’) 2.19 1.55 X 10 Rydberg p
st 104.63(C) 105.24(C") 1.23 1.75 X 10°°  Rydberg p
2e* 104.90(D) 105.51(D") 0.96 .11 X 107 Rydberg d
6t 105.07(E) 105.68(E’) 0.79 1.31 X 107 Rydberg d
7t 105.29(F) 105.90(F") 0.57 3.45 X 10°*  Rydberg p
ot 105.59(F,) 106.20(F) 0.27 6.82 X 10 Rydberg d
1012 105.70 106.31 0.16 8.43 X 10°  Rydberg p
13¢2 105.85 106.46 0.01 3.87 X 10"  Rydvberg d
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The spectrum of TMS has already been described by Bozek et al®® and
thus will not be discussed here in detail. The peaks in this spectrum
result from transitions to Rydberg-type orbitals mostly of atomic p- and
d-character.

The agreement between experiment and theory in TMOS is very good with
all of the features in the experimental spectrum being represented in the
simulation with the relative peak positions agreeing to within 0.2 eV. In
Cav symmetry the p orbitals have a. bl and b2 symmetry for the pz, px and
py orbitals respectively. Wherever transitions from more than one p-orbital
occur at the same position (ie. px¢py, px+py+pz, etc.), only the sum of the
transitions is shown; that is, no distinction is made between a transition
from a px, py or pz orbital.

The initial doublet, peaks A and A’ in the simulation, results from a
transition to an antibonding orbital of a: symmetry which is split into a

p (peak A) and a P, (peak A’) component. The reversal of the relative

3/2
intensities of the spin orbit doublet in experimental spectra is not

24

uncommon in photoabsorption spectroscopyza and this phenomenocn has been

discussed by Schwarz>® It is important to note here that the relative
intensities in the simulation agree very well with the solid state spectrum
of SiO2 in Figure IV-3A.

Peak B’, at 106.29 eV, is the P,,, component of a transition to a
mixed Rydberg orbital of a symmetry. If this peak in the simulation was
given sufficient intensity to match its corresponding position in the

experimental data, and its p component (which is directly under peak A')

372
was increased accordingly, then this would boost the intensity of peak A’ in
the simulation by a sufficient amount so as to match that of the

experimental data. As noted in the discussion of the solid state spectrum,
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the fact that peak B’ does not appear at all in the spectrum of Si0O,, and

>
the fact that the intensities of the initial doublet are reversed between
the gas and solid state suggests that the transition which is responsible
for peak B’ in TMOS is not present in SiOZ. This issue is addressed below.

The broad band at ~108 eV (peak C) results from three transitions to
three unoccupied orbitals of a:. b: and b; symmetry, all three of which are
just above the ionization threshold. The b: and b; orbitals are
isoenergetic and thus show up as only a single spin-orbit doublet, the other
doublet arising from the transition to the a: orbital. (In Te symmetry
these three orbitals combine to form the t; antibonding orbital as will be
discussed in reference to Figure IV-6 below). The broad nature of this peak
in the experimental data suggests that there may be several other
transitions here, such as Rydberg states, that are not accounted for in the
simulation. This may be a manifestation of the fact that the simulation was
carried out in C2v symmetry while the true symmetry of the molecule is
actually Sa.

The continuum region shown in Figure IV-5 is represented reasonably
well by the calculations for TMOS and very well for TMS. Peaks G in both
spectra result from a d-shape resonance”’ of e-symmetry and is simulated
very well by the Xa calculation. The second peak, H, {at ~130 eV) which
should be very intense shows up only as a very weak peak in the simulation
of TMOS. This peak is present in virtually every Si 2p photoabsorption
spectrum of all Si-containing compounds. It’s position at ~130 eV is
coincident with the maximum of the Si 2p cross section and this, coupled
with its ubiquitous presence in all Si 2p spectra strongly suggests that ii

is the result of an atomic effect that is largely independent of the ligands

to which the Si js attached. The fact that this is likely an atomic effect
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and thus independent of the orbital structure of TMOS may account for the
poor correspondence between theory and experiment in this region of the Si
2p spectrum of TMOS. Peak D has also been assigned (in the Si L-edge
spectra of other Si compoundsa') to the t2 component of a d-shape resonance.
Although not a perfect match, the Xa simulation of TMOS is a better
theoretical model for the Si 2p spectrum of SiO2 than the DOS calculation®®
{see Figure IV-3A) and has the distinct advantage of being more economical
in terms of both time and cost. Only minor peaks - peak B’ in TMOS (Figure
IV-2) and D in SiO2 (Figure IV-3A) - are not common to both spectra.

Derived from the MS-Xa calculations, Figure IV-6 shows a molecular
orbital (MO) diagram for TMOS in Cav symmetry and the corresponding orbitals
in tetrahedral symmetry. For the sake of simplicity, the only orbitals
shown are the occupied orbitals that constitute Si-O bonds, and, the first
four unoccupied orbitals; namely, the first two a: orbitals, the first b:
and the first b; orbital. The orbitals in Te symmetry were composed from
those in C2v from a standard group theory correlation table. To the left of
each orbital in Td symmetry is the combination of irreducible
representations in Cav from which it is composed and to the right is the Ta
irreducible representation to which it belongs. The ordering of the

0,11

orbitals in Td is identical to that of similar MO diagramsl calculated

for Sioz- except that the ordering of the first two unoccupied states in the
present calculation is reversed compared to that of Tossell et al'® This
reversal is consistent with more recent calculations by McComb et al?®>  The
positions of the occupied states in this calculation and those of Tossell'®

are compared in Table IV-4 along with the positions of peaks in the valence

band photoelectron spectra of TMOS and sxoz. The absolute values of the

molecular orbital energies calculated for TMOS and sto:' are quite different
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Figure IV-6. Molecular orbital diagram for Si(OCHa)s in C2v and Td
symmetries. To the left of the orbitals in Td symmetry is the
combination of Czv irreducible representations from which they

are comprised and to the right is the Tda representation to which
they belong.
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mainly because of the large negative charge on the latter species, but the
ordering is the same and the relative differences between states are very

close in the two analogs.

Table [V-4: The positions of the Si~-0 bonding orbitals from the
photoelectron spectra of Si(OCHa)s and SiOz (Figure IV-7), the -calculated
positions of the MO’'s of Si(OCHa)s (Figure IV-6) and the ralculated MO’s for
SiOs (reference # 10). Both experimental and calculat. § values for SiOz
have been shifted by 7 eV for comparison with the gas-phase data. The
positions of the C-O and C-H bonding orbitals in Si(OCH3a)a (Figure IV-7) are
also listed.

Peak Si(OCH3)s  SiO2 SCF Calc. SCF Calc'®
Assignment (eV) (+ 7 eV) (eV) (- 7 eV)
t 8.95 8.05 -9.48 -7.0
t, 9.7 9.37 -10.60 -8.0
e 10.71 10.97 -12.17 -8.5
C-0 13.22 - - -
t, 13.99 13.63 -16.22  -12.4
C-H 13.99 - - -
a 16.7 16.80 -17.5 -15.5

From Table IV-3 and the MO diagram in Figure |V-6 it can be seen that
the first three peaks in the Si 2p spectrum of TMOS (Peaks A, A’ and B’ in
Figure IV-2) result from transitions to two orbitals of a  symmetry; the

first being antibonding and the second being mixed Rydberg in character.
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The second of these orbitals (the mixed Rydberg orbital) has been omitted
from the MO diagram in Figure IV-6 because transitions to Rydberg-type
orbitals are usually washed out in solid state spectra. The next three
orbitals in TMOS are an a:, a b: and a b;. These three orbitals are
approximately isoenergetic and combine to form the t; in tetrahedral
symmetry. With this in mind it is reasonable to suggest that the initial
doublet in the spectrum of SiO2 results from a transition to a molecular
orbital of a: symmetry and that peak C in the spectrum of SiO2 results from
a transition to the t; orbital. This type of assignment, based upon a
molecular orbital interpretation of SiOZ. is very similar to that proposed
by Filatova® et al.

Figure IV-7 shows a comparison of the photoslectron spectra of TMOS
and SiOZ. The data for the valence band photoelectron spectrum of SiO2 has
Leen digitized from DiStefano and Eastmanz, deconvoluted with a series of
1007. Gaussian peaks and shifted by 7 eV t. better align it with the
gas-phase spectrum. This spectrum has been interpreted by Tossell’® in a
fashion similar to that used for Sil’-‘4 with the three lowest energy bands
assigned to non-bonding orbitals of t‘, t2 and e symmetry. Although this
assignment is correct for SiF4 or Si02: it is not strictly correct for
either SiO, or Si(OCH3) 4 In the latter two cases each oxygen atom forms

2

two bonds - to a second Si in SiO, or to a C in Si(OCHa) 4 " and thus there

2
are not enough non-bonding electrons on the four oxygen atoms to fill the
three non-tonding orbitals. Despite this problem in SiO2 and Si(OCH3)4, the
Tossell-type assignment is in excellent qualitative agreement with band
structure calculations®>** on SiO2 and hence Tossell's MO assignment has
been repeated here for the sake of comparison.

Although qualitatively very similar, the two spectra of TMOS and SiO2
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Figure 1IV-7. (A) The gas-phase valence band photoelectron
spectra of Si(OCH3)s and (B), the valence band of solid state
Si02. Figure IV-7B is digitized from reference 2 and the energies
have been shifted by 7 eV to better align it with the gas-phase
data.
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show that the occupied states in SiO2 are separated from each other slightly
more than they are in TMOS but it is impossible to say whether or not this
trend also applies to the unoccupied antibonding orbitals. The largest
peak, at ~10 eV in both Figures IV-7A and 1V-7B, corresponds to ionizations
of the three non-bonding orbitals of tl. tz and e symmetry in Figure 1IV-6.
The second largest peak in both spectra is centered at ~14 eV. In SiO2 this
corresponds to the Si-O bonding orbital of tz symmetry while in TMOS there
are three components: (1) the O-C bonding orbital at 13.22 eV, (2) the Si-O
bonding orbital at 13.99 eV (t2 in Figure IV-6) and (3) the C-H bonding
orbitals at ~15.27 eV. The final peak at ~17 eV corresponds to the Si-O
bonding orbitals of a symmetry in SiO2 and TMOS. The excellent agreement
between the valence band photoelectron spectra of TMOS and SiO2 is further

testimony to the similarity of the electronic structure in these two

systems.
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Section IV-4; The Si Is and 25 Edges

Figure IV-8 shows the Si 1s photoabsorption spectra of the five
compounds in the series Si(CH;),(OCH,), . from 1830 to 1880 eV and Table
IV-5 gives the positions of the peaks. The spectrum of TMOS and TMS have
been reported before and although the current work agrees well with
previously reported spectra of TMSfS'"' the previously reported spectrum of
T™™OS'® shows only a single broad peak where Figure IV-8 shows beyond any
doubt that this actually consists of at least two peaks. This fact is
further supported by inspection of the spectra of the intermediate compounds
in which this second peak is seen to increase in stoichiometric proportion
to the number of methoxy groups in the molecule. The spectra of TMOS and
TMS are qualitatively similar to those of SIiF 4 and SiCl 4 in which the
spectra consist of one (or two in the case of SiF 4) sharp transitions
followed by two or three relatively weak peaks at higher energyfs

Figure 1V-9A shows the spectra of the ls regions in TMOS and SiO2 and
the DOS calculation (shifted by 1835 eV) all plotted on the same axes and
Figure IV-9B shows the comparison of the Si ls spectrum of TMS and silicon
carbide (digitized from reference 35). The main peak in the spectrum of SiC
is extremely broad and likely consists of several different transitions
while the corresponding peak in SiO2 is very narrow - narrower even then the
corresponding peak in TMS! Furthermore, the spectrum of Si02 shows only a
single sharp peak whereas the gas-phase analog, TMOS, has an obvious doublet

structure. The absence of this doublet in the solid state spectrum is

discussed below in the analysis of the MS-Xa simulation.
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Figure IV-8, The Si ls XANES spectra of of the five compounds in
the series Si(CH3)x(OCH3a)a-x (X=0 to 4).
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Figure IV-9. (A) Comparison of the Si
gas-phase Si(OCHa)4 and solid state SiOz.

Is XANES spectra of
(B) Comparison of the

Si 1s XANES spectra of gas-phase Si(CH3)s and solid state SiC.
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Table IV-5: The positions (in eV) of the peaks in the spectra shown in
Figures 1V-8 & IV-9A, and the Si Is binding energies. The binding energies
of Si(OCH3)s and Si(CH3)s were determined by comparison of the term values
with those of the L-edge spectra and the binding energies of the three
intermediate compounds were approximated by linear interpolation from the
two end members of the series.

Molecule Sl(OCHa)x(CH3) 4-X (Fig IV~ B) (Fig 1v-9)

Peak X=0 X=1 X=2 X=3 =4 SiO2 DOS
(+ 1835 eV)

A 1843.6 1844.0 1844.6 1845.2 - - -
B 1848.5 1845.6 1846.5 1847.2 1845.9 1845.1 1845.1
C - 1849.1 - - 1847.3 1846.8 1846.8
D - - - - - 1850.9 1850.5
E - - - - - 1854.5 1855.4
F 1853.3 1855.3 1859.7 1859.8 1860.6 1857.3 1856.9

Si ls 1845.8 1846.3 1846.7 1847.2 1847.6 - -

Not only are the pre-edge features dissimilar but the continuum
shows, perhaps, an even more pronounced difference; however, the continuum
features in the solid state do show a qualitative correspondence to the DOS
calculation. The fact that there seems to be little correspondence between
the gas-phase and the solid state spectra in both the pre-edge and the
continuum regions of the Is edge implies that, unlike the Si 2p spectra, the
extended long range structure of the solid state SiO2 has - significant
effect on the K-edge spectra.

Figure 1V-10 shows the Is region of TMOS and TMS together with their

respective simulations of the pre-edge and the continuum shown below the
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experimental data and Figure IV-ll shows the same plot of the 2s region.
Table IV-6 lists the peak positions, term values, assignments and oscillator
strengths for both the ls and 2s regions of TMOS and TMS. Because the 2s
peak is so weak (see Figure IV-1) no continuum calculation was performed in
this study. Although the overall shape of the simulations match that of the
experimental data very well, the calculated oscillator strengths are much
too low for the Si K-edge of both TMOS and TMS. This resuits from a large
integration mesh that leads to numerical instability when calculating the
overlap integral between a very contracted Ils and an oscillating outgoing
wave. However, because the ls region is so similar to the 2s (which is less
contracted and hence unaffected by a large integration mesh), and because of
the close match between the theory and the experimental data, it is felt
that the poor reproduction of the ls oscillator strength is (comparatively)
unimportant to this report.

In TMOS the experimental and simulated data match very well in terms
of peak position in the Is region but the simulation of the 1s continuum is
much too narrow. The pre-edge features consist of two transitions, both to
bound states of a, symmetry, with half-height line widths of 2.0 eV. The 2s
region of TMOS is essentially identical, but had to be deconvoluted with a
slightly broader linewidth (2.5 eV) to create one contiguous peak as seen in
the experimental data. The term values of the two peaks in both the Si Is
and 2s regions are very close with values of 1.70 and -0.23 eV for the two
peaks in the ls spectrum and 1.76 and -0.25 eV for the same two peaks in the
2s spectrum (see Table 1IV-6). These values are essentially the same as the

second and third transitions in the Si 2p spectrum (Table IV-3) which have

term values of 1.74 and -0.28 eV respectively.
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Figure IV-10. (A) The Si 1Is XANES spectra of Si(OCH3)s (top) and
the corresponding MS-Xa SCF simulation (bottom). (B) The Si Is
XANES spectra of Si(CH3)a (top) and the corresponding MS-Xa SCF
simulation (bottom). Dashed lines in both (A) and (B) mark the
positions of the individual transitions.
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Figure IV-1l. (A) The Si 2s XANES spectra of Si(OCH3)s (top) and
the corresponding MS-Xa SCF simulation (bottom). (B) The Si 2s
XANES spectra of Si(CH3)s (top) and the corresponding MS-Xa SCF
simulation (bottom). Dashed lines in both (A) and (B) mark the
positions of the individual transitions.




122

10
T - (A)
s ]
U -
W N
5 -
<
5_..
C -
.9 -
= 4
o
U) -
" B
L}]
o
© 0 T T T T T T T T T TN T T T T T T
130 140 150 160 170 180
Photon Energy (eV)
10
< (B)
6 -
U pu—
»
s ]
<
5._.
c -
.0 -
46 -
o
m -
»
v
o -
© 0 LI R (R BN (N B BN N SN I R AN B (N BND BN R R D NN BN N NR
130 140 150 160 170 180

Photon Energy (eV)




Table IV-6:

oscillator strengths tor

The calculated orbitals,
the Si

s and Si

2s

transition energies,

term values and
edges of Si(OCHa)a and

Si(CH3)sa. The Corresponding experimental peak is shown in parenthesis after
the energy.
Energy (Exp. Peak) Term Oscillator
Orbital (eV) Value (eV) Strength Remark
Si(OCHa)s 1s 8
a 1845.90 (B) 1.70 1.37 X 10 Mixed Ryd.
a® 1847.83 (C) -0.23 1.42 X 10°°  Antibonding
Si(OCHa)s 2s -
a 156.26 (B) 1.76 2.67 X 10 Mixed Ryd.
a* 158.12 (C) -0.25 2.61 X 10°°  Antibonding
Si(CHa)s 1s .
ats 1843.65 (A) 2.18 9.95 X 10 Rydberg p
sts 1844.62 (A) 1.21 1.78 X 107  Rydberg p
7ts 1845.26 (A) 0.57 1.58 X 10°°  Rydberg p
10t 1845.69 (A) 0.14 2.39 X 107 Rydberg p
Si(CHa)s 2s -
ats 154.64 (A) 2.20 4.97 X 10 Rydberg p
5t2 155.67 (A) 1.23 1.00 X 107° Rydberg p
7t 156.25 (A) 0.59 5.01 X 10 Rydberg p
10t2 156.71 (A) 0.13 2.43 X 107 Rydberg p

As mentioned above, peaks B and C in the ls spectrum of TMOS resuit

from transitions from the

symmetry.

1s orbital

to two different

Both of these transitions are allowed in sz‘

orbitals of ‘al

In tetrahedral

symmetry only transitions from the 1ls to orbitals of !:2 symmetry are

allowed.

‘The second a: orbital (peak C), in tetrahedral symmetry, is the a,




component of the t; orbital and thus, this transition is allowed in SiOz.
The first a: orbital (peak B) does not transform as the t2 in tetrahedral
symmetry and thus this transition should be completely forbidden in the
K-edge spectrum of SiO2 (Figure IV-9). The weak shoulder on the low energy

side of peak C in SiO, does however line up with peak B in the spectrum of

2
TMOS suggesting that this transition is weakly allowed even in the
tetrahedral environment of SiOZ.

The experimental line widths of the Is and 2s regions are nearly
identical in the case of both TMOS and TMS; but, in the former molecule the
2s peak is slightly broader which obscures the separation of the two peaks.
Otherwise, although the relative oscillator strengths differ, the term
values for the Is and 2s regions are essentially identical (see Table 1V-6).
Because of the strong background in the 2s region of TMOS, direct comparison
of the 1s and 2s regions in this compound is difficult. However, it is
interesting to note that the 1s and 2s regions in TMS are essentially
identical, both consisting of a sharp peak with a half-height width of 1.65
eV followed by two weak features in the continuum which occur at 3.9 and 9.5
eV above the main peak (these are peaks A, B and C in Figures IV-10B &
IV-11B). Furthermore, comparison of the is region in Figure IV-8 with the 2s
region in Figure IV-1 shows remarkable similarities indicating that the
features in these regions result from transitions to the same unoccupied
orbitals as indicated by the essentially equivalent term values documented
in Table IV-6.

In TMS both the Is and 2s regions are dominated by a single strong
transition to a bound orbital of t2 symmetry accompanied by three smaller

transitions each with a linewidth of 1.5 eV. The shoulder on the high

energy side of the Is simulation seems to have no counterpart in the
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experimental data. The 2s region of TMS is represented by exactly the same
four transitions but the slight difference in relative oscillator strengths
in the 2s region yields a better agreement with the experimental data.

The cross section in the Si 1s region (pre-edge and continuum) is
much smaller than that of the coriesponding 2p region. Above-edge features
in the 2p spectra are dominated by intense shape resonances that swamp any
small peaks that may be due to the extended band structure or multiple-
scattering. In the ls region, because the cross section is much lower,
small peaks due to multiple-scattering of the outgoing electron wave become
apparent. Because the scattering process depends on long range structure,
{(at least three atoms from the central species), only very large gas-phase
molecules such as SilSi(CH3)3]4 and Ge[Si(CH3)314 will be helpful in the
analysis of K-edge solid state spectra:.’b However, because multiple-

scattering plays only a very minor role in the L-edge spectra, gas-phase

compounds may be used here as excellent models for solid state systems.
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Section IV-5; The L-Edge of The Oxides of The Third Row Elements.

Having established that the L-edge spectra of the gas-phase TMOS and

solid state Si0O, are very similar, it is interesting to compare the L-edge

2
spectra of analogous tetrahedral oxides of the third row elements. Figure
IV-12 shows the spectrum of Si02. (Ca)a(P04)2. NaZSO4. and NaClO4 all
plotted on the same scale and Table IV-7 documents the pertinent data. In
each compound, the zero point marks the position of the ionization edge:.n
Certain similarities are readily apparent between the four s, :ctra and each
spectrum can be broken down into three main regions relative to their

respective jonization thresholds: (i) 0-8 eV, (ii) 8-15 eV and (iii) 15 eV

and above.

Table IV-7. The peak positions (in eV) relative to their 2p ionization
edges and assignments for the four spectra shown in Figure IV-12.

Peak SiO2 P04 SOs ClOs Assignment
=
A 0.73 0.82 0.79 1.20 p:l/z-. al
’ -
A 1.30 1.76 2.06 2.78 pvz* al
C 2.93 2.43 2.73 2.01 p..»t*
vz 2
c 3.49 3.33 4.04 3.62 p =+ t*
vz 2
D 6.72 5.51 5.28 5.54 Multiple-Scattering
G 9.64 10.11 9.80 10.80 P,,,” d-Shape Res.
G’ 10.25 11.00 11.04 12.35 P, d-Shape Res.
H 25.7 20.8 18.6 20.5 Maximum of Atomic
Cross Section
| - - 27.3 26.5 Multiple-Scattering
J - - 32.9 33.1 Multiple-Scattering
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As one moves across the third row of the periodic table, the peaks in
the first region of Figure IV-IC seem to broaden out and coalesce into one
broad peak. Part of this broadening is due to the steady increase in the
spin-orbit splitting: 0.613 for Si-*>> 0.86 for P°° 1.21 for S°° and
1.64 for C1>° A second reason for the broadening and coalescence is the
decrease in the lifetime of the Z2p hole as one moves across the period,
although, this is likely a negligible effect because the linewidths here are
so much broader than the lifetime widths which are all less than 0.15 eV.

From an analysis of the valence band photoelectron spectra‘o and of

3-

! of the three isoelectronic anions, P04.

molecular orbital calculations‘
2

SO 4-and CIOZ. it is obvious that the occupied MO’s span a greater range of
energy as one moves across the period from phosphorus to sulfur to chlorine.
However, the same MO calculations®’ show that the exact opposite is true in
the case of the unoccupied antibonding orbitals. That is, the antibonding
orbitals become more compressed and span a lesser range of energies as this
period is traversed from F to Cl.

It then stands to reason that if the first peaks in the Si 2p
spectrum of SiO2 (A, A’, C, and C’ in Figure IV-12) result from transitions
to a: and t; orbitals, then, the first peaks in the spectra of the
isoelectronic anions, POZT Soi-and ClO‘;. should also result from the same
transitions. Furthermore, because the energies of the unoccupied orbitals
become compr*essed‘l as one moves from P to Cl, one would expect these peaks
to coalesce due to the fact that the a: and t; become closer together. The
compression of the unoccupied orbitals coupled with the increase in
spin-orbit splitting, explains the trend in the first region of these

spectra. In all four spectra, peaks A and A’ result from the P, and P,

components of a transition to an a: antibonding orbital and peaks C and C'
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Figure IV-i12. The 2p XANES spectra of the four isoelectronic
species Si02, POs, SO4 and ClOs shifted by 103.6S, 131.10, 169.40
and 208.70 eV respectively, so that the 2p ionization energy has a
value of 0.00 eV. The 2p ionization energies were taken from
reference 37.
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are the P,,, and P.,» components of a transition to a t; antibonding
orbital. In the case of ClO,, the a: and t; are so close together that the
Py, peak of the t; (peak C) is at a lower energy than the P, peak of the
Al (peak A’). Peak D in this same region also shifts closer to the
ionization edge as the period is traversed from Si to Cl; however, the low
intensity and large linewidth has prevented resolution of the spin-orbit
splitting on this feature.

The second region, from 8-15 eV, has a very strong absorption band in
each spectrum (peaks G & G'). In SiO2 this peak is quite broad, becoming
sharper in Poz- and then splitting in the case of soi' and splitting even
more so in the case of Clo;. The splitting of this peak in the latter two
species results from their respective spin-orbit splitting of 1.21 eV for S
and 1.64 eV for Cl. The shoulder on the high energy side of this peak in
the spectrum of Si()2 is coincident with a large peak in the DOS caiculation
presented in Figure IV-3A. The Xa simulations of TMOS suggest that peak G
is due to a d-shape resonance in TMOS and SiO2 and thus a similar assignment
has been made for the other three solid state spectra in Figure IV-12.

The third region consists of a single broad structureless peak in the
3-

case of Ssz and PO 4

this area. In all four cases peak H corresponds to the position of the

with the last two compounds showing more structure in

cross section maximum'’ for the 2p level of Si, P, S and Cl relative to
their respective 2p ionization edges. Peak H has also been attributed to a
tz shape resonance and this may also account for some of the intensity.
Peaks | and J for the S and Cl moieties may be due to multiple-scattering of

the outgoing electron. Other differences in these four spectra may be due

to manifestations of the different counter ions in the four examples shown.
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Section 1V-6; Conclusions.

The Si(OCH:’)4 molecule (TMOS) is an excellent experimental model for
the Si 2p photoabsorption spectrum and the valence band photoelectron
spectrum of SiOz. The features in the Si 2p XANES spectrum of SiO2 are due
primarily to the local structure surrounding the Si atom with long range
order playing only a minor role. Furthermore, the MS-Xa SCF calculations on
TMOS provide, perhaps, the best explanation of the Si 2p spectrum of SiO2 to
date. Density of states calculations may be helpful in this regard but are
considerably more time consuming as well as being more expensive, and,
calculations done on the Sioz- ion suffer from the effects of having a
single dangling bond on each of the oxygens.

Gas-phase molecules can be used to model the spectra of solid state
compounds in the low energy domain where cross sections are high.For K-edge
spectra, or wherever the cross section is low, the dominant features in the
above edge region of the XANES spectra of solids will be the result of the
extended long range structure (as reflected in the DOS calculations) or due
to multiple-scattering of the electron wave off of neighboring atoms in the
matrix.

The L-edge spectra of the four isoelectronic species Siozf POZT
sof' and C10; are qualitatively very similar despite the fact that their
respective 2p ionization thresholds range from 103.6 eV for Sio2 to 208.7 eV
for C10;. This is further evidence that the solid state spectra can be

interpreted in terms of molecular orbital theory derived from small

molecular analogs.
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A suggested use of gas-phase systems to interpret solid state
phenomena is in the case of the interfacial regions between bulk Si and SiO2
monolayers where the actual oxidation state of Si ic in question. Here a

series of molecules such as SilSi(CH,). ] IOCH.,] could be synthesized

33X 3'4-X
which mimic the effect of one to four oxygens bonded to a silicon atom in
the bulk Si environment. This type of work has already been done by
Sutherland et al. in which the series Si[Si(CZH:B):leFI“_x was successfully

used to mimic the effect of one to four hydrogens bonded to a silicon atom

. 25
on a Si surface.
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CHAPTER V:

VIBRATIONAL SPLITTING IN Si 2p CORE-LEVEL

PHOTOELECTRON SPECTRA OF SILICON MOLECULES
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Section V-1; Introduction.

Gelius' et al first observed core-level vibrational structure on the
C ls level in the photoelectron spectrum of CH " Prior to this observation
it was normally assumed that non-bonding core orbitals, like non-bonding
valence levelsz. would exhibit little or no vibrational splitting. Using
monochromatized synchrotron radiation to obtain narrow photon linewidths
(<0.1 eV} work from this lab has recently resolved and characterized

vibrational structure on the Si 2p and P 2p levels of five molecules: SiHa.

4
SiF‘:, SiD;. cua-sm; and PH;. Also characterized in these studies were the
unresolved vibrational structure on such molecules as Si(CH.) SiCl and

34 4’
. _ 6
(CH3)3S|X (X=H, ClI, I)".

In all molecules studied thus far the vibrational
structure is dominated by the totally symmetric vibrational mode which
transforms as the totally symmetric a irreducible representation.

The core-equivalent model has proven valuable in determining not only
when vibrational splitting will be present but also in predicting the

magnitude of the vibrational frequency in the jon state™®. For example,

the substantial decrease (0.06 A) in bond length in going from SiH 4 ' its
. 7 +
core-equivalent” PH 4

progression in the Si 2p photoelectron spectrum of SiH4. Furthermore, the

(or PH3) is consistent with a large vibrational

observed ion-state Si-H vibrational frequency of 2379 cm™ is much closer to

that of the core-equivalent Pl-l3 (2327 cm™) than it is to the ground-state

vibrationa! frequency of SiH4 (2180 cm‘l). On the other hand, the very

small change in bond length between GeH, and its core-equivalent ASH3, or

4

between HI and HXe' is helpful in rationalizing the fact that there is
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little vibrational structure in the photoelectron spectra of the Ge 3d

levels of GeH: and the [ 4d levels of Hl?

This chapter reports the high resolution Si 2p gas-phase

photoelectron spectra of 23 molecules: the SinD4_x (X=0-4) series; the
Si(CH:;))((OCH:j)“_x (X=0-4) series; the SI(CH:;)XIN(CH3)2]4_x (X=1-4) series;
the  SiH [Si(CH3);], o (X=0-4)  series, and SiH,-CH;,  SiH;-SiH,,
SiH3~SiH2-SiH3, Si(CHa)B-Si(CH3)3, Gele(CH3)3l4 and lSn(CH3)Zl6.

The objectives of this chapter are listed as follows:

(i) To record the Si 2p photoelectron spectra of a wide variety of silicon
compounds in order to systematically compare the effects that different

ligands (ie. H, D, CH3. lN(CH3)Zl. OCH F and Sn(CH3)3) have on the

3
vibrational manifold observed in core-level photoelectron spectroscopy. This
is important for testing the validity of the core-equivalent model, which is
of particular importance for interpreting the resolved spectra and as a
predictive tool for analyzing the unresclved spectra.

(ii) Te use the vibrationally resolved spectra of the five compounds in
the hydrogen/deuterium series (SinD4_x) to verify the model previously used
by Bozek' et al for the unresolved spectra of the series RxSiH A-x (R=CH3,
CZHS;

interpretation of the spectra of silicon compounds where all four ligands

X=0-4). This model, using vibrational overtones, is essential to the

are not the same.
(iii) To study the chemical dependence of binding energy more accurately
than could have been done previously, with particular attention paid to the

difference between the adiabatic and the vertical ionization potentials that

results from a large vibrational manifold. This may be of importance when
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correlating binding energies with theoretical calculations or Si KLL Auger
shifts

(iv) To study the effect of equivalent cores? (as in the molecules
SiHs-SiH3. SiHs-SiHZ-—SiHs and Si[Si(CH3)314) where vibronic coupling caused
by core-hole localization in the ion state can lead to a dramatically
different vibrational manifold than that observed for SiH 4 ©F Si(CH3) 4

(v) To use this first extensive series of high resolution core-level
spectra to predict the importance of vibrational structure in the
photoelectron spectra of other molecules, polymers and surfaces. In
particular this Si data can be used to predict the expected C Is vibrational

structure (and linewidth) in photoelectron spectra of organic molecules and

polymers such as the C 1s spectrum of polyethylene'o and vibrational

structure present in the photoelectron spectra of surface adsorbates on Si.
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Section V-2; Experimental.

All compounds were obtained commercially in high purity from The
Aldrich Chemical Company (TMS, TKTS), Huls America (all methoxy and
dimethyl-amino compounds), Matheson Gas Company (Silane), MSD Isotopes
(disilane and all deuterated compounds) and Solkatronics (trisilane) and
used without further purification except for the following four:

(i) 1,1,1-Trimethyl disilane (TMDS, SiH3(Si(CH3)3]) was purchased
commercially from Huls America and purified by vacuum distillation.

(ii) Tris trimethylsilyl silane (TTMS, H-Si[Si(CH3)3l3) was synthesized
from tetrakis trimethylsilyl silane (TKTS, Si[Si(CH3)3]4) according to
Gillman''.

(iii) Bis trimethylsilyl silane (BTMS, HZS“S“CHS):!]Z) was synthesized
from TTMS (see ii above) according to Gillman''.

(iv) Tetrakis trimethylsilyl germane (TKTG, Ge[Si(CH3)3] 4 Was synthesized
according to Brook'? et al.

The samples were introduced directly into the gas cell of the
spectrometer at pressures of ~ 5)(10-3 torr. Gaseous samples were used as
received, and liquid samples were de-aerated by repeated freeze-pump-thaw
cycles to remove any dissolved oxygen or nitrogen. The solid TKTS (see ii
above) was heated to 60°C to increase its vapor pressure. Constant sample
pressure was maintained for the time required to accumulate the data for
each spectrum.

The photoelectron spectrometer used to record the spectra has been

described in detail elsewhere'> and to a lesser extent in Chapter II.
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Briefly, the spectrometer consists of a McPherson 36 cm mean radius electron
energy analyzer with Imm entrance and exit slits resulting in a theoretical
electron resolution, AE/E, of 1/720. For electron kinetic energies of ~25
eV the theoretical value of AE/E is ~0.04 eV but in practice the electron
linewidth is S0 * 10 meV. Assorted differential pumping was used on the
spectrometer and beamline to isolate the high pressure of the gas cell from
the optical components of the beamline.

With the exception of SiD4. the spectra of the other four compounds
(SiH4. SiH3D, SiHZD2 and SiHD3) in the hydrogen deuterium series, disilane
(SiH3—SiH3) and trisilane (SiH3—SiH2-SiH3) were recorded using a Quantar
model #3395A position sensitive detector (PSD). All other spectra were
recorded wusing a single channel electron multiplier. The decreased
acquisition time of the PSD allowed the use of narrower slit widths on the
monochromator thereby affording the narrower photon line widths required to
resolve the features in the spectrum of disilane.

All spectra were recorded using the CSRF Mark IV Grasshopper
monochromator at the Aladdin synchrotron of the University of Wisconsin at
Madison. An 1800 groove/mm grating was employed in the monochromator
resulting in a minimum practical photon resolution of O0.12 eV at 130 eV
photon energy with the channeltron and 0.08 eV with the PSD. Total line
widths of ~150 meV were obtained for the resolved photoelectron spectra
obtained with the channeltron and <130 meV for those recorded with the PSD.
The spectra obtained with the PSD were of very similar quality to those
obtained previously on the undulator beamline at the Aladdin synchrotrona.

Unlike the C 1s photoelectron spectra of organic molecules, post-collisional

interaction (PCI) in the photoelectron spectra of silicon compounds does not

play a significant role due to the long lifetime of the Si 2p hole state and
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the relatively low energy of the Auger electron.
The binding energy of each compound was measured through the use of

an internal calibrant, namely the 3d5/ line of krypton which has a binding

2

energy of 93.798 eV. Calibration spectra were recorded with a photon energy
of 128 eV which created a kinetic energy window void of any Kr Auger peaks
that might interfere with the Si 2p spectrum. At low kinetic energies (20
to 25 eV) the velocity of the photoelectrons is approximately 12 of the
speed of light and thus relativistic effects are negligible; hence, all
binding energies reported are accurate to within 0.0l eV.

Spectra recorded with the PSD originally had approximately 800 data
points per spectrum. This number was reduced by averaging five points into

one using binomial coefficients according to Equation V-1.

m = (nl-zi- 4nH+ 6n|+ 4nlﬂ+ nhz)/l6 (Eq. V-1]
where n, is the number of counts in the i original data point and m, is
the weighted average of the five points surrounding n. The factor 1/16 is
introduced to normalize the sum of the coefficients.

The spectra that were fit to a vibrational progression were
deconvoluted with a Lorentzian-Gaussian line shape using a nonlinear least
squares procedure constrained to use only one peak shape split by the Si 2p

spin-orbit and vibrational splittings’b.
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Section V-3; The Series SinD -’

The isotope effect for the Si 2p core-level vibrational splitting is

beautifully shown by the photoelectron spectra of SiH, and SiD4 shown in

q
Figure V-1, The linewidths in the SiD 4 spectrum are considerably larger
(see Table V-1) than in SiH4 because the SiD4 spectrum was recorded prior to

the installation of the position sensitive detector (PSD).

Table V-1. Binding energy, linewidth, Si 2p ion state vibrational frequency
and Frank-Condon factors for the five molecules SiHxD4-x (X=0 to 4).

Binding Vibrational Frank -
Energy Linewidth Frequency Condon
Molecule (eV) (meV) Bond (meV) Factors
Sil-l4 107.316(5) 128 Si-H 295(5) 66.3:29.1:4.6
SiHsD 107.31(1) 127 Si-H 294(10) 75.5:19.7:3.8
Si-D 202(10) 78.6:16.4:3.4:0.5
SiHZD2 107.30(1) 131 Si-H 305(10) 83.4:12.2:2.3
Si-D 219(10) 67.4:26.3:5.9:1.0
Sil-lD3 107.31(1) 130 Si-H 305(10) 91.1:8.5:0.5
Si-D 210(10) 59.6:31.0:7.7:1.7
SiD4 107.31(1) 153 Si-D 212(5) 53.6:34.5:9.6:2.3




Figure V-1i. Si 2p photoelectron spectra of SiH4 (Top) and SiDs
(Bottom). The fine lines in the spectra represent the individual
contributions from each vibrational and spin-orbit quantum state.
The heavy line running through the data points represents the sum of
all indlvidual contributions. Error bars mark the raw data points.
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The largest peak in each spectrum (at lowest binding energy - 107.31
eV) corresponds to the Sij prz adiabatic v=0 to v’=0 transition. In each
spectrum this line is then split in two by spin-orbit coupling to yield the

Zpa.'z and vaz lines separated by the Si 2p spin-orbit splitting of 0.613
eV. In both spectra the two spin-orbit lines are then further split by a
vibrational manifold corresponding to the totally symmetric v, vibrational
mode of a symmetry. In SiH4 the vibrational manifold consists of three
peaks (v'=0,1,2) with an energy spacing of 0.295 eV. This frequency is very
similar to that expected from the core-equivalent species, PH; (see Table
V-2). The last vibrational peak (v'=2) in the Zp:v2 series falls almost
directly under the first peak of the Zpl’2 series and thus can only be
detected directly in the Si 2pl,2 series as the smallest peak at highest
binding energy. In SiD 4 there are four vibrational peaks corresponding to
v'=0,1,2,3 with an energy spacing of 0.212 eV. Again, there is some overlap
between the Zp:’/2 and the va2 vibrational series. The vibrational
frequency is, again, very close to that of the core-equivalent species PD3
(Table 2).

The ratio of the two vibrational frequencies (0.212/70.295 = 0.719)

is exactly that predicted from the square root of the ratio of the reduced

masses of Si-H and Si-D according to Equation V-2,

(v(si-pirv(si-wy) = lu(s:-m/u(spm]l/2 [Eq. V-2]

where v(si-p) and w(si-w) are the vibrational frequencies, respectively, for
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Table V-2.

Bond length, bond angle,

(vtis)) vibrational

respective

core-equivalents.

frequency for
core-equivalents

several
some

simple silicon

organic analogs
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ground state (vi6s)) and ion state
molecules, their

and their

Molecule Bond Bond Length (A) Bond Angle vGs) (cm™) vas) (em™)
SiH4 Si-H 1.4811 109.5 2180 2379
PH§ P-H 1.4200 93.345 2327 2331
PH 4 P-H - - 2295 -
Sib 4 Si-D 1.4786 109.5 1545 1710
PD P-D - ¥3.3 1694 -
PD, P-D - - 1654 -
Si(CH3)4 Si-C 1.875 109.5 693.7 -
P( CH3 )3 P-C 1.844 98.8 652 -
leN(CH3)21 4 Si-N 1.725 - 892 -
P[N(CH3)2]3 P-N 1.70 96.5 985 -
Si(OCHs) 4 Si-0 1.614 115.5 840 -
P(OCH:;)3 P-0 1.620 100.5 1012 -
SiF4 Si-F 1.5535 109.5 800.8 847
PF 3 P-r 1.5633 97.7 893 -
CH 4 C-H 1.08070 109.5 2917 3162
NH} N-H 1.0138 107.23 3335.9 -
NH 4 N-H - - 3040 -
CD 4 c-D 1.079 109.5 2085 -
ND3 N-D 1.013 107.21 2419 -
ND; N-D - - 2214 -
C( CH3) 4 Cc-C 1.837 109.5 1455 -
N(CH3)3 N-C 1.458 110.9 1043 -
CF4 C-F 1.31925 109.5 908.4 -
NF N-F 1.3648 102.37 1035 -




the Si-D and Si-H bonds and pusi-) and uesi-p)  are, respectively, the
reduced masses of Si-H and Si-D.

The larger Frank-Condon factors (see Table V-1) and larger
vibrational manifold in SiD4 is expected as a result of the lower
vibrational frequency in the neutral molecule, and this fact is supported by
theoretical calculations done on both molecules'.

In compounds where there is only one type of ligand (ie. CH4. SiH4,
SiD4. SiF 3 and PH3) it is comparatively easy to determine the nature of the
vibrational manifold provided that the energy spacing between successive
vibrational quantum states in the ion is large enough to be resolved. In
all such cases reported thus far there is only one vibrational mode that
transforms as the totally symmetric a irreducible representation, and this
single vibrational mode is the only one that has been observed for molecules
with the same ligands. As dissimilar ligands are substituted, the spectrum
becomes more complicated for two reasons. First, there is the simple fact
that there are now two different vibrational frequencies; one for ligand(s)
"A" and another for ligand(s) "B" and this leads to the possibility of
overtone’ bands in the photoelectron spectrum. Secondly, as dissimilar
ligands are added, the point group of the molecule changes, thereby allowing
several vibrational modes, each with a different frequency, to transform as
the same totally symmetric a representation. Assuming that all vibrational
modes of a symmetry are allowed, then there exists the possibility of each
type of ligand exhibiting more than -.e vibrational frequency. Bozek® et al
investigated this problein with the RxSiH 4-x (R=CH3, CZHS) compounds at ~170
meV resolution but could not resolve the different modes or overtones. The

spectra, however, were deconvoluted using one vibrational frequency for each

type of ligand, and overtone bands.
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Figure V-2, Si 2p photoelectron spectra of SiH3D (Top), SiHz2D2
(Middle) and SiHD3 (Bottom).
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To investigate the effect of two different ligands more carefully the
spectra of the three compounds SinD4_x (x=1-3), shown in Figure V-2, were
recorded. Qualitatively the trend in the vibrational manifolds from SiH4 to
SiD4 is obvious. In SiHSD the most intense vibrational peak (v'=l, at
~107.60 eV) corresponds to the Si-H symmetric stretch with a frequency of
0.294 eV, while for SiHD3 the most intense vibrational peak (v'=1 at 107.52
eV) corresponds to the symmetric vibrational mode for Si~-D with a frequency
of 0.210 eV. It is immediately obvious that in all three spectra in Figure
V-2 the peaks corresponding to the fundamental Si-D vibrations are
proportionally much more intense than those of the Si-H fundamental
vibrations.

The Frank-Condon factors reported in Table V-1 for SiH, and SiD4 were

4
calculated by normalizing the sum of the areas of the vibrational bands to
equal 100. In the mixed compounds there are two vibrational series but the
initial peak, at ~107.31 eV, is th= ground state vibrational level in the
jon and as such is common to both series. Because one cannot tell what
percentage of this peak is due to Si-H or Si-D vibrations, the Frank-Condon
factors for the mixed compounds were calculated by using the full intensity
of the initial peak at ~107.31 eV as the first peak in both series; for both
series in each molecule the Frank-Condon factors total 100. It is clear
from Tabtle V-1 that the Frank-Condon factors for the Si-H vibrations in
SiHBD are quite s‘milar to those for SiH4. Similarly, the Frank-Condon
factors for the Si-D vibrations in Sil«lD:3 are very close to those of SiD4,
thus emphasizing the smooth trend from SiH4 to SiD4 seen in Figures V-i and
v-2.

The vibrational frequencies for the Sj-H and Si1-D stretching modes

were not fixed during the fitting procedure for any of the three mixed




hydrogen/deuterium compounds and hence the values are not exactly the same
as those found for SiH4 and SiD4 (Table 1). The small differences in the
ion state vibrational frequencies are commensurate in magnitude with those
found in the infrared'® spectra of the same series of compounds.

More quantitatively, SiH3D is a symmetric top belonging to the point
group C3v and from the infrared sps‘ctra"5 of this molecule it has three
vibrational modes that transform as the a representation. Two of these (at

2187 cm™ and 1597 em™') correspond to within 250 cm™' to the totally

5
and

symmetric stretching mode (vl of symmetry al) observed in silane'
silane-da'® (see Table V-2), while the third mode of a symmetry corresponds
to the hydrogen bending mode (914 cm'l)15 in the neutral species SngD.

If there was a substantial iontribution from any of these three
vibrational modes other than the totally symmetric stretching vibration then
one would expect, from the infrared data presented earlier (Table V-2), to
see a substantial change in the linewidth of the initial peak in the
1. otoelectron spectrum of SiHSDA For instance, one might expect to see a
distinct shoulder on the high binding energy side, separated from the main
peak by ~914 cm™' (0.113 eV) - the energy of the third vibrational mode of
a symmetry in SiHaD. This possibility has been abandoned on the basis of
two facts: (i) the line width in SiHSD is actually slightly smaller than the
other two spectra in Figure V-2 and (ii) the linewidth and line shape in
SiHBD is essentially identical to that of SiH4 in which there is only one
vibrational mode of a symmetry, namely that of the totally symmetric
stretching vibration. On the ©basis of this evidence the mixed
hydrogen/deuterium silanes have been fit to only two vibrational frequencies

- one corresponding approximately to that found in the photoelectron

spectrum of SiH 4’ and a second one corresponding approximately to that found
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in SiD4 (see Table V-1).

It is interesting to note that the spectral data for SiHBD cannot be
satisfactorily fit by simple proportional addition (ie. in a ratio of 3:1)
of the spectra of SiH4 and SiD4. Frank-Condon factors for vibrational
quantum states where v'>} are much smaller in the case of all the mixed
hydrogen/deuterium compounds than in either silane or silane-da.
Furthermore, as suggested above, the vibrational peaks that result from Si-D
vibrations seem to dominate the spectra in all three compounds shown in
Figure V-2. Even in the spectrum of SiH3D where the H:D ratio is 3:1 the
v'=l peaks (~107.52 eV for Si-D; 107.61 eV for Si-H} are quite close in
intensity.

Vibrational overtones result when one of the excited vibrational
states of one ligand acts as the ground vibrational state of the other.
Thus, for instance, in the spectrum of SiH3D each of the three vibrational
peaks resulting from Si-H vibrations can act as the ground state for the
four Si-D vibrations. As a result, taking into account spin-orbit
splitting, three €Si-H vibrations and four Si-D vibrations each spectra in
Figure V-2 is fit to 2X3X4=24 individual peaks. However, because the
intensity of overtones is given by the product of the intensity of the
fundamental vibrations, many of them are too small to be seen. Indeed, the
spectra could be fit reasonably well with just the three Si-H and the four
Si-D vibrational peaks. (The clearest example of vibrational overtones is

in methyl silane ~ Figure V-8 below)




Section V-4; The Series Si(CH:’)x(OCH:’) 4-x"

Figure V-3 shows the spectra of tetramethyl silane (TMS, Si(GH3)4)
and tetramethoxy silane (TMOS, Si(OCH3)4) with the scale in the TMOS
spectrum shifted by 1.5 eV to higher binding energy. Each spectrum has been
fit to a vibrational progression with the energy spacing determined from

that of the core-equivalent molecules, P(CH:;)3 and l"(OCH3)3 {see Table V-3).
1

The P-C vibrational frequency in trimethyl phosphine is 652 cm = (0.081
eV)'® and the P-0 frequency in trimethyl phosphite is 1012 cm“l (0.125 eV)lb
(Table V-2). These values, respectively, have been used to fit the

vibrational progressions in the photoelectron spectra of TMS and TMOS.
Although the vibrational modes in TMOS are not quite resolved there are
strong suggestions of a vibrational manifold very similar to that found
previously in SiF:. The spectrum of TMOS is fit to a vibrational manifold
of ten peaks each split by the spin-orbit interaction for a total of twenty
different statec each with a half-width of 170 meV, where as the spectrum of
TMS is fit to a vibrational manifold of 7 peaks for a total of 14 states
each with a half-width of 150 meV. The large linewidths in TMOS are likely
due to the excitation of other vibrations such as C-O or C-H which blur the
resolution of the Si-O stretching frequency. Because the vibrational energy
spacing is too small to be resolved (especially in the case of TMS) it is
impossible to tell if these fits are exact, but, certainly they are a very
reasonable representation of the vibrational manifolds in the photoelectron
spectra of these compounds.

The spectrum of TMS is deconvoluted in a considerably different
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Figure V-3: Si 2p Photoelectron spectra of TMS (top) and TMOS
{bottom). The vibrational energy spacing was chosen from that of
the core-equivalent species (see text).
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manner from that published previously by Bozek® et al: this work uses a
fairly symmetric vibrational progression whereas they used a very asymmetric
progression. Bozek et al argue that electron donation from the four carbons
to the silicon will increase the rate of Auger decay and thereby shorten the
lifetime of the core hole causing a broadening of the linewidth via
Heisenberg's uncertainty principle. However, recent calculationsn show
that the Sil‘l4 inherent linewidth is ~32 meV and the lifetime width of a Si
2p line does not increase by more than 5 meV in going from SiH 4 to Si(CHB) 4
Given this small change in the calculated inherent linewidth it seems very
unlikely that the methyl substituents in TMS could elicit a change in the
lifetime great enough to justify the 242 meV linewidths in TMS (compared
with 117 meV SiH4) suggested by Bozek®. Furthermore, the 1 4d linewidth
does not change by more than 507 in going from ICl to IZCHZm

As a result of this new information, the spectrum of TMS has been fit
to seven vibrational states (instead of six suggested previousl.y") each with
a linewidth of 150 meV (as opposed to 242 meV®) with a vibrational energy
spacing of 0.084 eV (0.081 ev®). The slightly larger vibrational energy
spacing and the extra vibrational state compensate for the smaller linewidth
but combine to force a reorganization of the Frank-Condon factors. The
present spectrum is deconvoluted with a symmetric vibrational envelope; the
intensity starts out quite small, increases to a maximum value in the third
vibrational state and then steadily decreases for the remaining four.
Although this is in contrast with the non~symmetric (steadily decre. sing)
vibrational envelope used by Bozek et al® it is more in keeping with the
vibrational manifolds of other molecules, such as SiF 43 and TMOS, that have
relatively small vibrational frequencies. Even though Si'l4 and SiD, both

4

exhibit a non-symmetric (steadily decreasing) vibrational envelope, it can
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be argued that evidence for a symmetric vibrational envelope in molecules
with lower vibrational frequency is suggested even in the spectrum of SiD4.
Here the the Frank-Condon factor for the vibrational state corresponding to
v'=l is much larger (see Figure V-1 and Table V-1} than the same vibrational
state in SiH4 which of course has a much larger vibrational frequency. If
this "trend” can be extrapolated to the case of Si(CHB) 4 then its
vibrational envelope should have a more symmetric distribution of
intensities, similar to the resolved vibrational spectrum of SiF 43.

As a result of the large vibrational manifolds in the spectra of TMS
and TMOQOS, the mixed methyl/methoxy compounds, including overtones, could
have as many as 2x7x10=140 vibrational excitations. However, given the
example of the hydrogen/deuterium series where vibrational states that have
v'>l are very weak, the actual number of states that make significant
contributions to the spectra in the methyl/methoxy series is much less than
140. Such a large number of peaks is likely never to be resolved in
molecules of this type, and hence the three spectra of the mixed
methyl/methoxy <ilanes have been fit only to a simple spin-orbit doublet.
For the sake of comparison with the remainder of the series the data for TMS
and TMOS shown in Figure V-3 has also been re-fit in the same manner. The
data for all five spectra, each fit to a spin-orbit doublet, is shown in
Figures V-4 and V-5 and the spectral parameters are summarized in Table V-3,
On going from TMS to TMOS, the series of five compounds shows the gradual
disappearance of the valley that separates the two peaks and the linewidth
of the two-peak fit increases. This is clearly indicative of the increased
vibrational inanifold that results from the replacement of methyl ligands
with methoxy groups (Figure 3). Table V-3 gives both the vertical and the

estimated position of the adiabatic binding energy for these five compounds.
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Figure V-4: Si 2p photoelectron spectra of TMS (top) and TMOS
(bottom). The same data presented in Figure V-3 has been fit to only
a simple spin-orbit doublet.
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Figure V-S. Si 2p photoelectron spectra of (CH3)3Si(OCH3a) (top),
{CH3)2Si(OCH3a)2 (Middle} and (CH3)Si{OCH3)3 (Bottom).
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Obviously, the adiabatic binding energy has larger errors because one cannot
be sure whether one is actually seeing the v=0 -> v’'=0 transition,
especially in the mixed compounds. The difference between the vertical and
adiabatic bindirg energies varies from O0.18 eV in TMS to 0.50 eV in TMC..

Note the smoo:h change in linewidth across the series (See Figure V-6).

Table V-3. Linewidths, vertical binding energy and adiabatic B.E. for the
eight compounds in the methyl/methoxy and the methyl/dimethyl amino series
(Figures V-4, V-5 and V-7). The linewidths quoted from the two-peak fit are
accurate to within £ 20 meV.

Molecule Line Width Vertical B.E. Adiabatic B.E. Vibrational
(meV) (eV) (eV) Frequency®
Si(CHa3)s 355 106.04(1) 105.86(2) 0.084
Si(CH3)3(OCH3) 449 106.59(1) 106.3(1) -
Si(CH3)2(OCHa)2 514 107.02(1) 106.6(1) -
Si(CH3){OCHz3)3 605 107.41(1) 107.0(1) -
Si(OCHa)s 647 107.89(1) 107.42(2) 0.125
Si{CH3)3[N(CH3)2] 414 106.0¢%(1) 105.7(1) -
Si{CH3)2[N(CH3)z;> «67 106.14(1) 105.7(1) -
Si(CH3)IN(CH3)z2]3 498 106.18(1) 105.8(1) -

* As seen in Figure V-3



Figure V-6, Plot of linewidth versus the number of methoxy (or
dimethyl amino) ligands attached .o silicon. The point at (0,355)
corresponds tn TMS which is common to both series.
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Section V-5; The Series Sl(CH3)x[N(CH3)21 4-x'

Figure V-7 shows the spectra of the three compounds
Si(CH3)3lN(CH3)Zl. Si(Cl‘l3)2[N(CH3)2]2 and Si(CH3)lN(CH3)213. The first
compound in this series is TMS (discussed in Section V-4) and the last
compound, SilN(CH3)2]4. could not be procured. As in the case c¢: the
methyl/methoxy series each spectrum has been fit only to a simple spin-orbit
doublet in order to avoid the complexity of trying to fit multiple
vibrational overtones. The spectral parameters are summarized in Table V-3.

From the core-equivalent species (Table 2) the 'Si-N stretching
frequency in the Si 2p ion should be approximately 985 cm™ (0.122 eV)"’.
As in Section V-4, when the methyl groups are replaced with the
dimethylamino groups the linewidths become considerably larger, but at a
much slower rate than in the methyl/methoxy series. For instance, the
spectrum of the tri-amino compound in Figure V-7 has approximately the same
linewidt! (0.498 eV, see Table V-3), as that of the the di-methoxy compound
(0.513 eV, see Table V-3) and a considerably smaller linewidth than its
tri-methoxy analog which was shown in Figure V-S5. Figure V-6 shows a plot
of linewidth verses the number of substituents for the five compounds in the
methyl/methoxy series and for the four compounds in the methyl/dimethyl
amino series. The datum point at the coordinates (0,355) corresponds to TMS
and is common to both series. The strong linear correlation here is, again,
indicative of an incremental increase in the number of vibrational states

that become populated when methyl ligands are substituted with either

methoxy or dimethyl amino groups. Since the vibrational frequencies are
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Figure V-7. Si 2p photoelectron spectra of (CH3)3Si[N(CH3)2]
(top), (CH3)2Si[N(CH3)z]2 (Middle) and (CH3)SiIN(CH3)z2]a (Bottom).
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very similar for SilN(CH3)2]4 and for Si(OCH:‘)4 {and for their
core-equivalents), the smaller linewidths for the amino compounds compared
with the methoxy analogs shows that the vibrational manifold for the Si-N
vibrations is larger than that for the Si-C vibrations but smaller than that
of Si-0. This is commensurate with nitrogen’s intermediate position in the
periodic table. It also establishes a trend for the vibrational manifold of
light elements bonded to silicon (the number of vibrations is shown in
parenthesis): H(3); D(4); C(7); N(>7,<10); 0(10); Fan>°.

The Si-X bond lensth in SiX4 compounds decreases steadily by
approximately 0.1 A as one moves across the periodic table from X=CHB.
N(CH3)2. OCH3 and F (Table 2); this delineates the increasing bond strength
across this series. Although one might expect, from the increase in the
vibrational manifold, to find that the difference in bond length between
Si~X and P-X would increase across this series, no such trend relating the
bond length in silicon compounds to their core-equivalents can be found
(Table 2). It couvld be that because of the different geometry in the
core-equivalent molecules, PX3 may not be a suitable analog when X is a
large ligand such as methoxy or direthyl amino. The bond angles in these
PX3 compounds are far from the 109.5° found in Si)(4 and vary from 93.3° to
100.5°.  The core-equivalent model seems to work well for simple molecules
such as CH4, SiH4 and SiD4,

core-equivalents in most cases. Even in the case of SiF4, the

but clearly the phosphine analogs are not good

core-equivalent, PF provides no better approximation to the vibrational

3'
frequency or to the bond length in the ion state than does the neutral
species Sil'-'4 (Table 2). Clearly better energy resolution is still required

to test the consistency of this model in predicting ion state vibrational

frequencies in core-level electron spectroscopy.
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It is important to note that aithough the term "binding energy”
refers to the adiabatic ionization potential (the transition from v=0 to
v'=0) it is wusually measured as the vertical ionization potential (the
position of greatest intensity). The distinction between these two terms is
very important. As seen from the spectrum of TMOS in Figure V-3 the
vertical binding energy can differ from that of the adiabatic binding energy
by as much as 0.50 eV. This can be of significant importance when comparing
experimental data with theoreticai calculations or when comparing the
binding energies of two different molecules’. For instance, as mentioned
above the difference between the vertical and the adiabatic binding energies
for TMOS is 0.50 eV whereas for TMS the difference is only 0.18 eV. Thus,
even relative chemical shifts cannot be measured reliably unless the
position of the adiabatic ionization potential is known thereby emphasizing
the importance of vibrational resolution.

Kelfve'> et al. have plotted the observed vertical binding energy
versus the calculated binding energy for a large series of silicon compounds
(Figure # 9 in ref. 19). They have constrained the line of best fit to the
ideal condition of unit slope but the actual best fit of the data (by
inspection) has a slope that is much closer to a value of 2. Although they
cite insufficiencies in the calculation procedure as possible sources of
error there can be no doubt that other errors are introduced due to their
inability to measure adiabatic binding energies. There is no way to teill
from their data whether the use of adiabatic binding energies will improve
or degrade the agreement with the calculated values, but adiabatic binding
energies are obviously required in the future for similar comparisons

between theory and experiment.
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Section V-6; Disilane and Trisilane.

The observed vibrational structure in photoelectron spectroscopy
usually results from the excitation of totally symmetric modes resulting
from the linear coupling between electronic and nuclear motion. In systems
with degenerate or nearly degenerate core orbitals, ionizations of core
electrons may result in allowed excitations of non-totally symmetric
vibrational modesq due to vibronic coupling between electronic and
vibrational quantum states. This theory has recently been tested by Ma et
al. on the K shell photoabsorption spectra of benzenezo. ethylenezo_22
acetylene22 and ethane’’ as well as some simple oxides’>  Further evidence
of vibronic coupling in core level spectroscopy is presented in Chapter |1}
of this thesis which also covers the theoretical aspects of this phenomenon.

Figure V-8 shows the vibrational manifolds in the Si 2p photoelectron
spectra of methyl silane, disilane and trisilane and Table V-4 summarizes
the results. In the spectrum of silane (see Figure V-1) and methyl silane
{Figure V-8) the intense peak at lowest binding energy {107.31 eV for silane
and 106.7t eV for methyl silane) corresponds to the adiabatic (v=0 -» v'=0)
Si 2p3/2 ionization potential. in SiH4, three vibrational peaks are seen,
each separated by 0.295 eV as discussed in Section V-3. The spectrum of
methyl silane has an additional three-fold vibrational series superimposed
upon eac* of the three Si-H vibrational peaks; however, the symmetric
stretch of the Si-H bonds still dominate the spectrum. The additional

vibrational manifold corresponds to ¢’'=1,2,3 for the totally symmetric

stretching frequency of the Si-C bond in the ijon and has an energy
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Figure V-8. (Top) Spectrum of methyl silane. The three long
vertical lines mark the position of the Si-H vibrational states
corresponding to v'=0, 1 and 2 (see text). The three sets of three
short vertical lines mark the Si-C vibrational states and overtones.
{Middle) Spectrum of Disilane. (Bottom) Trisilane; here the central
silicon atom is fit only tc a broad doublet.
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separation of 9.075 eV which is only slightly lower than the core-equivalent
stretching frequency (676.5 cm™ or 0.084 eV) in the moiecule CH3—PH223.
Only the first three Si-C vibrations are included in this fit because (as in
the case of the hydrogen/deuterium series) the higher vibrational states
likely have insignificant intensity. The three long vertical lines in
Figure V-8 (Top) mark the position of the Si-H vibrational states
corresponding to v'= 0, 1 and 2. The v'=2 r:ate is very weak and falls
directly underneath the the first spin-orbit peak. In the same figure the
three sets of three small vertical lines mark the position of the Si-C

vibrations and overtones.

Table V-4. Si 2p binding energy, ion state vibrational frequency, linewidth
and Frank-Condon factors for Methy! silane, Disilane and Trisilane,

Molecule B.E. Type of Linewidth Vib.Freq. Frank-Condon
(eV) Vib. (meV) (meV) Factors

CH35iH3 106.71 Si-H(ss) 160 305(10) 69.0:26.2:4.8

Si-Clss) 160 75(10)  55.2:26.0:13.8:5.0
Si,H, 106.56 Si-H(ab) 128 102(5) 15.2:23.5:20.2:16.7:
12.3:7.7:3.9:0.5
Si3H8 106.56" Si-H(ab) 135 104(5) 12.8:21.3:20.3:17.2:
12.8:8.4:4.4:2.8

106.25" - 401 -

ss=symmetric stretch; ab=asymmetric bending mode

(a) Position of the first Si-H vibration in the two terminal silicons.

(b) Approximate position of the v'=0 vibrational mode for the central
silicon in trisilane
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This spectrum differs from previously published spectrum of ethyl
silane® insofar that the Si-C vibrations are fit to a symmetric envelope {(as
discussed in Section V-4 for the case of TMS) as opposed to an asymmetric
envelope proposed by Bozek® et al.

If the Si 2p ionization of disilane were to excite the totally
symmetric stretching frequencies in this molecule one would expect a
spectrum very similar to that of methyl silane with the Si-Si stretching
frequency approximately equal to that of the core-equivalent species, silyl
phosphine (H_Si-PH,), namely 0.056 eV (452 cm ). Qualitatively it is
immediately apparent that this is not the case. It is apparent (especially
on the P,,, peak at ~107.3 eV) that there exists distinct fine structure
with an energy spacing of approximately 0.1 eV. Attempts to deconvolute the
spectrum of disilane with even small contributions (less than 10 %) from the
symmetric stretching frequencies of Si-H and Si-Si resulted in a
substantially higher chi-squared value for the fit.

By far the best fit (shown in Figure V-8) results from using a single
vibrational progression corresponding to v'=0-7 with an energy spacing of
0.102 eV (823 cm-l). This is exactly the same vibrational frequency
observed in the photoabsorption spectrum of disilanc™* which is presented in

Chapter Il From the infrared spectra of disilane®>+%®

this frequency
would correspond most closely to that of the asymmetric Si-H bending mode at
844 cm—l. The reason the fine structure is more evident on the P, peak is
hecause the last two vibrations in the P.,n series overlap exactly with the
first two vibrations in the P, vibrational manifold thereby boost.ng their
apparent intensity.

Although this is the first example of a core-level photoelectron

spectrum exhibiting a vibrational frequency in the ion that is less than




that of the neutral molecule it is in accord with the C ls photoabsorption
spectrum of ethane reported b Ma et a1?2. Although it is not (fully
discussed in the original paper it is obvious from their data (Figure # 9,
page 1857 in reference 22) that there are two vibrational progressions in
the photoabsorption spectrum of ethane. Peaks 1 and 3 correspond to the
tota'ly symmetric stretching mode (not observed in disilane) while peaks 2
and 4 exhibit a frequency of 0.16 eV (1290 cm-l); slightly less than the C-H
bending mode in ethane®” (1379 cm-l). The results for ethane-de show a
similar trend®>*?® (Table V-5). Thus, ethane, ethane-de and disilane all
exhibit excitation of the same non-totally symmetric vibrational mode upon
ionization of core electrons; however, in disilane the totally symmetric
vibration is not observed in either the photoelectron or the photoabsorption

spectrum.

Table V-S. Infrared vibrational frequencies for the neutral molecules
ethane, ethane-de and disilane.

Molecule M-H bending Freq® Vib. Freq. of lon®
CH:;-CH3 1379 c:m—l 1290 crn-1
CD,-CD, 1077 cm”} 1048 cm !
SiH- SiH, 844 cm”! 827 cm”!

(a) Observed infrared bending mode of a, symmetry where M= C or Si
Data taken from ref.#27 Y

(b) Observed vibrational frequency in the core hole ijon state; frequencies
for ethane and ethane-de were calculated from data presented in ref. # 23.
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The spectrum of trisilane (SiH3—SiH2-SiH3) is less well resolved
than that of disilane because of the presence of two different types of
silicon atoms in this compou:.d. The central silicon (Sic) has a vertical
binding energy that is ~0.30 eV lower than that of the two terminal silicons
(Sir)‘ As a result the Si vaz band from the Sic atom fills in the valley
between the 2p3/2 and the ZpV2 peaks of the two SiT atoms which have a
vibrational manifold almost identical to that of disilane. The peaks
resulting from the Si: atom have been fit only to a simple spin-orbit
doublet to avoid confusion with the rest of the spectrum. The ratio of the
areas of the two sets of peaks (Area(SiT)/Area(Sic) = 1.89) is close to the
stoichiometric ratio of 2. The linewidth, linesh2pc and peak area of the
doublet corresponding to the Sic silicon has been determined from the
spectrum of bis trimethylsilyl silane (BTMS, £Si(CH3)3l-SiH2-—lSi(CH3)3l)
shown in Section V-7.

The spectra of other compounds that have equivalent cores have teen
recorded but no direct evideuce of the asymmetric bending mode in these
molecules is observed, although it is likely that this mode dominates the
spectrum. Figure V-9 shows the Si 2p photoelectron spectra of hexamethyl
disilane {HMDS, Si(CH3)3-Si(CH3)3), dodecamethyl cyclohexasilane (DMCS,
l-Si(CH3)2-16) and tetrakis trimethylsilyl germane (TKTG, GelSi(CH3)3]4);
data for these three compounds are shown in Table V-6. The Si-C bending
vibration (<653 cm™') is too small to resolve and, although broader, the
lineshape has not changed substan.ially from that of TMS. Given that there
is no direct evidence to support the presence of bending vibrational maodes
in these molecules, their spectra have been fit to a simple spin-orbit
doublet. Although bending vibrational modes cannot be resolved in these

compounds their presence should be strongly considered, especially in the
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Figure V-9. Si 2p photoelectron spectra of Si(CH3)3-Si(CH3)a
(top), Sie(CHahiz (Middle' and Ge[Si(CHs)3la (Bottom). No evidence
of vibronic coupling can be observed (see text).
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case of HMDS whose structure is very similar to that of disilane. The
implications of this will effect the interpretation of photoelectron spectra

of all equivalent core systems such as polymers and surfaces.

Table V-6. Linewidths, vertical binding energy and adiabatic B.E. for the
three compounds Si2(CH3)e, Ge[Si(CH3)3]a and Sie(CH3aiz (Figure V-9).
Linewidths are accurate to within £10 meV.

Molecule Line Width Vertical B.E. Adiabatic B.E.
(meV) {eV) (eV)

Si(CH3)3-Si(CH3)a 412 105.44(1) 105.15(5)

GelSi(CH3a)3la 445 105.45(1) 105.16(5)

Sie(CHah2 448 104.91(1) 104.62(5)
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Section V-7; Model Compounds For Hydrogen Adsorbed on a Silicon Surface.

in the case of hydrogen adsorbed on a silicon surface the vibrational
frequencies of both Si-H and Si-D have been measured by high resolution

electron energy loss spectroscopy27 (HREELS) but, the effects of ion ctate

vibrational splitting in the Si 2p surface photoelectron measurements have
been completely ignoredu’zg as has vibrational splitting on metal
core-levels in general. For example, Leyao et al reported the Si 2p
photoelectron spectra of H adsorbed on an amorphous silicon surface and fit
the experimental data to four spin-orbit doublets corresponding to those
siiicon atoms which have O, 1, 2 or 3 hydrogens bonded to them. Each
doublet was chemically shifted by 0.335 eV per hydrogen relative to the
unhydrogenated bulk silicon. However, from Section V-3 above, the high
resolution spectra of SiH4 shows intense Si-H vibrational structure with a
vibrational splitting of 0.295 eV. The similarity of this vibrational
splitting with Ley's chemical shift, combined with the relatively broad
unresolved solid state spectraso prompted the investigation of the nature of
the chemical shift that results from replacing Si-Si bonds with Si-H bonds.
This section presents the Si 2p photoelectron spectra of four model
compounds, H SilSi(CH,;) ), (x=0,1,2,3) which mimic the chemical shifts
resulting from O, 1, 2 and 3 hydrogens bonded to a silicon surface.

The central silicon atom in Si[Si(CH:,):;]4 (TKTS) is in a four
coordinate chemical environment which models that of bulk silicon. By

successively removing one of the trimethyl silyl groups (-Si(CHs)sl and

replacing it with a hydrogen atom one can create model compounds that
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correspond to one, two, or three hydrogens bonded to a silicon surface.
Figure V-10 shows the Si 2p spectra of all four model compounds, the binding

energies and linewidths of which are listed in Table V-7.

Table V-7. Chemical shifts of the Sic and the Sitms silicons in the model
compounds (Figure V-10). The chemical shift is 0.3 eV per hydrogen.

Compound (Atom) Linewidth Vertical Adiabatic Chemical
(meV) B.E.(eV) B.E. (eV) Shift(eV)
Si[Si(CH3)3l4 (C) 414(10) 104.30(1) 104.00(5) 0.00
(TMS) 415(10) 105.45(1) 105.15(5) 0.00
HSilSi(CH3)313 (C) 376(10) 104.61(2) 104.31(5) 0.31
(TMS) 394(10) 105.46(1) 105.46(5) 0.01
HZSi[Si(CH3)3]2 (<) 397(10) 104.91(2) 104.61(5) 0.61
(TMS) 425(10) 105.44(1) 105.44(5) -0.01
Hasi[Si(Cﬁs)al (C) 398(10) 105.21(2) 104.91(5) 0.91
(TMS) 448(10) 105.45(2) 105.15(5) 0.00
There are several general observations. Fivst two rather broad
doublets are observed in each spectrum correspondin, ° ne trimethylsilyl
silicons (Si ™S’ the large doublet at high binding e . - ~105.45 eV) and

the central silicons lSic, the smaller dcublet at low binding energy). The
large line widths are similar to those observed for Si(CHg) 4 OF SiZ(CHS)(:
and are due to unresolved vibrational splitting. As is the case with the

spectra of the large methylated silanes shown in Figure V-9, there is no

direct evidence of vibrational modes. Neither the totally symmetric nor




Figure V-10: Si 2p Photoelectron spectra of (a) TKTS, (b) TIMS, (c)
BTMS and (d) TMDS.
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asymmetric vibrations are resolved though it is probable that both are
present. in the face of this ambiguity each spectrum in Figure V-10 has
been fit to a pair of spin-orbit doublets. Secondly, the area ratio of the
two doublets lA(SiTMS)/A(SiC)] is close to the stoichiometric ratio in all
four compounds. Thirdly, the ionization potential of the Sims silicons in
each compound is within 0.01 eV while the binding energy of the central
silicon atom, Sic, shows a chemical shift of approximately 0.30 eV per
hydrogen (see Table V-7) toward higher binding energy. These values are in
reasonable agreement with those reported by Leyf’o et al for the
photoelectron spectrum of hydrogen adsorbed on a silicon surface.

When the preliminary results were first reported' it was suggested

° photoelectron spectrum may be due to

that the broadness of Ley’:;3
excitation of the symmetric Si-H vibrational mode rather than a simple
chemical shift effect. Recently Dumas et al™ have observed the excitation
of the Si-E symmetric stretching frequency as well as the asymmetric bending
mode in the photoelectron spectra of ideally H-terminated Si (111) surfaces.

Although their values are not identical to ours this observation further

emphasizes the importance and usefulness of gas-phase measurements.
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Section V-§;

Applications To The C Is Spectra of Small Molecules and Polymers.

As mentioned in Section V-1, core-~level vibrational structure was
resolvedl on the C Is level of CH 4 at a resolution of ~0.4 eV and then,

latter, at a resolution of better than 0.3 eV. There is much evidence from

1,32,33 10,33

gas-phase and polymer studies at resolutions between 0.25 and
0.4 eV that the broad C 1s widths of between ~0.6 and 0.9 eV are due to
vibrational broadening. Specifically, at 0.40 eV resolution, the linewidths
of the C Is spectra of CH 4 and the four carbons in CF3-C00-CH2-CH;2 are 0.7
eV and ~0.8 eV respectively, and the linewidths in formic acid and
substituted formic acids are all between 0.6 and 0.9 ev”. Furthermore,
Beamson'® et al recently reported the C Is spectrum of polymers such as
polyethylene, polypropylene and poiystyrene at an instrumental resolution of
0.25 eV with total linewidths of between 0.77 and 0.85 eV. These spectra
were fit to a totally symmetric C-H vibrational progression similar to that
seen in CH4 ~ three peaks with an energy spacing of 0.39 eV and a linewidth
of 0.64 eV. Because the C Is inherent linewidth is between 0.06 and 0.13

1,34
ev’

, all of the reported linewidths must be due to unresolved vibrational
excitations.

Because of the narrow C Is width it should scon be possible to record
C 1s photoelectron spectra with total linewidths of ~0.1 eV using

monochromatized synchrotron radiation. Until that time, it may be helpful

to use the Si 2p vibrational splittings to rationalize and predict C |Is

linewidths and vibrational manifolds in the analogous carbon compounds.
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Two assumptions have to be made: The first assumption is that the
vibrational manifolds for C and Si analogs are very similar. Secondly, if
the vibrational manifolds are the same, then the total linewidth of the C ls
envelope at high resolution (~0.1 eV) will be directly related to the total

linewidth of the Si 2p analog by .“e ratio of the vibrational frequencies as

shown in Equation V-3.
I‘c = [vcy/visn] rsn (Eq. V-3]

where I‘C and l“,:_‘| are the total linewidths for the C Is and Si 2p envelopes
respectively, and wc) and w(s1)) are the vibrational frequencies for the
carbon molecule and its analogous silicon compound.

Certainly the first assumption is justified by the almost identical
vibrational patterns in CH4 and SiH;'s’b and by the similar changes in the
bond length of the parent compound (CH 4 O SiH 4) and its corresponding
core-equivalent, NH:3 or PH3 respectively (Table 2). However, the difference
in bond length between Si/P and C/N analogs are not generally similar (Table
2). These differences are probably due to the fact that the P and N
analogs, because of their different geometry, are not good core-equivalents.

To illustrate the procedure consider SiF 4 and CF & Using the Si 2p
linewidth of ~0.5 eV and the ratio of core-equivalent frequencies for the
molecules SiF 4 and CF4 (or the ion state frequencies where available, see
Table V-2) the expected C ls linewidth for CF4 should be ~0.61 eV. (:l-‘3
groups in molecules such as Cl-':,-('.',OO—CHZ-CI-I3 should have similar widths
because substitution of a single F by another group with a similar

vibrational frequency does not substantially change the overall linewidth.

Similarly for the polyethylene spectram; given the photoelectron




results of disilane and trisilane presented in this chapter, and the C Is
photoabsorption results of Ma et al’>? it seems very possible that the
polymer spectrur» reported by Beamson'® et al results from the excitation of
many asymmetric C-H bending modes each with a much narrower linewidth then
the 0.64 eV width required for the symmetric stretching modes reported. |If
the C-H vibrational envelope in polyethylene is similar to that of disilane
or trisilane then given the frequency ratio of 1290/827 for the C-H and Si-H
bending vibrations, and the SiHB‘-SiH3 linewidth of ~0.5 eV, the linewidth
expected for polyethylene should be approximately 0.78 eV. This is very
close to the value of 0.77 eV reported by Beamson et al'’.

Finally, on moving across the periodic table through the ligands C,
N, O and F the C ls linewidths should increase from ~0.5 to ~0.8 eV. This

same trend is observed for the Si 2p linewidths but the increased

vibrational frequency in the carbon analogs will cause the spectra to be

even broader.
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Section V-9; Conclusions.

At a resolution of ~0.1 eV the vibrational manifold of SiH4 has been
resolved and, for the first time, the vibrational isotope effect in the
core-level photoelectron spectroscopy has been demonstrated. Also, the
effect of vibrational overtones in the spectra of SiHsD. SiHZD2 and SiHD3
were investigated. In the spectra of the mixed hydrogen/deuterium
compounds, vibrational states corresponding to v’>1 are sharply attenuated
when compared with the same states in either SiH 4 OF SiD 4 This phenomenon
is likely a general feature of all photoelectron spectra; if this were not
the case the spectrum of compounds such as dimethyl dimethoxy silane would
have linewidths much larger than those observed.

From the spectra of the methyl/methoxy and the methyl/dimethyl amino
series it was shown that the linewidth increases linearly with respect to
the number of methoxy or dimethyl amino groups. The greater linewidth in
the methoxy compounds is indicative of a larger vibrational manifold for the
Si-O bonds than for those of Si-C or Si-N. This establishes a trend for the
light elements in the number of vibrational states that are populated upon
Si 2p ionization (the number of vibrations is shown in parenthesis): H(3);
D(+); C(7); N(>7,<10); 0O(10); F(11). The large vibrational manifolds can
cause the vertical and adiabatic binding energies to differ by as much as
0.5 eV. Because this difference will not be the same for each molecule,
even relative binding energies cannot be measured accurately without
vibrational resolution.

The presence of equivalent cores in small molecules results in core
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hole localization in the ion state. This in turn leads to coupling between
electronic and non-totally symmetric vibrational modes that would otherwise
be symmetry-forbidden. The large number of vibrations that are excited in
the spectrum of disilane may have important implications for the study of
other equivalent core systems such as polymers and surfaces.

The chemical shift (as measured by the change in vertical binding
energy) that results from replacing a Si-Si bond with a Si-H bond is 0.3 eV
per hydrogen. Although this is essentially identical to the symmetric Si-H
stretching vibrational frequency (0.295 eV) the latter is not likely going
to be observed in surface photoelectron work as a resuit of the egquivalent
cores as mentioned above.

In the C 1s spectra of organic molecules and polymers much higher
resolution is needed to resolve the vibrational structure in a wider variety
of compounds for comparison with the Si 2p photoelectron spectra already
reported. The Si 2p linewidths should be very useful in predicting Cls
linewidths in general, and particularly in the case of surfaces and polymers
where it will probably not be possible to resolve vibrational structure.

Because of the very narrow Si 2p inherent linewidths, even better
resolution should be achievable in the near future with monochromatized
synchrotron radiation. At total linewidths of ~50 m=V it should be possible
to resolve much more of the vibrational structure that is suggested by the
broad linewidths of compounds such as Si(OCH3)4. as well as other molecules
with even smaller vibrational frequencies.

No evidence has been observed for ligand field splitting, which
should split the Zp:u2 level but not the pr/z level in the non-tetrahedral

6,35

molecules such as CH3'SIH3. SiZH6 and CH381(213 Indeed, the equivalent

fits to the 2p and vaz lines give excellent fits in all cases

72

190




indicating that any ligand field splitting that may be present is less than
SO meV in these compounds. Ligand field splittingsb has been observed on Si
surfaces, but this report37 is currently the subject of controversy and thus
the issue of ligand field splitting on Si surfaces has not yet been resolved
in the literature. A good gas-phase :nodel to study this might be SiHaF;
however, this compound is not commercially available and hence its spectra
has never been recorded.

Finally, shortly after the original publication of this worl;c:.’8 Dumas
et al. reported the observation of both the symmetric and asymmetric Si-H

vibrational modes in the Si 2p photoelectron spectrum of an ideally

. . 9
H-terminated Si surf ace:.'
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CHAPTER W

The Valence Band Photoelectron Spectra of Si Clusters




Section VI-1; Introduction.

From an industrial point of view it is arguable that the most
important group in the periodic table is group IV containing the elements C,
Si, Ge, Sn and Pb. Although the latter two elements are, perhaps, of lezuer
importance, the significance of carbon chemistry is self-evident and the
world-wide proliferation of the electronics industry over the last twenty
years has shifted considerable attention to the chemistry of Si and Ge'S.
In this chapter the valence band photoelectron spectra of five cluster-type
compounds of group 1V elements are presented: tetramethyl silane (TMS,
Si(CH3)4); hexamethyl disilane (HMDS, SiZ(CH3)6); tetrakis trimethylsilyl
silane (TKTS, SilSi(CH,),l1,); tetrakis trimethyisilyl germane (TKTG,

334

GelSi(CHa)al 4); and the cyclic compound, dodecamethyl cyclohexasilane (DCHS,

[Si(CH3)Zl6). The spectra of each compound was recorded at four different
photon energies, namely 21.2 eV, 100 eV, 120 eV and 135 eV. These systems
are of importance both because of their intrinsic molecular interest and
because molecules such as these mimic local sites in tetrahedral group IV
semi-conductors.

The valence band photoelectron spectra of TMS has been reported

245 and the Si 2p core-level photoelectron spectra of all five

before
compounds have recentiy been reported by Sutherland® et al. (see Chapter V,
Section V-7), however, to date no documentation of the valence band

photoelectron spectra of the other four compounds exists.
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Section VI-2; Experimental.

Tetramethyl silane (TMS, S‘(CH3)4); Hexamethyl disilane (HMDS,
Siz(CH3)6); and Tetrakis trimethylsilyl silane (TKTS, SilSi(CH3)3)l4) were
purchased commercially in high purity from The Aldrich Chemical Company and
used without further puritication. Tetrakis trimethylsilyl germane (TKTG,
Ge[Si(CH:,):;]4 was synthesized according to Brook' et al. and the cyclic
compound dodecamethyl cyclohexasilane (DCHS, lSi(CH3)216) was synthesized
according to West? et al.

In all cases the samples were introduced directly into the gas cell
of the spectrometeir at pressures of ~ sx10'3 torr. Liquid samples (TMS and
HMDS) were de-aerated by repeated freeze-pump-thaw cycles to remove any
dissolved oxygen or nitrogen. The solid samples (TKTS, TKTG and DCHS) were
heated to approximately 65°C to increase their vapor pressure. Constant
sample pressure was maintained for the time required to accumulate the data
for each spectrum.

For each compound, spectra were recorded at four different photon
energies: 21.2, 100, 120 and 135 eV. The photoelectron spectrometer used to
record the three higher energy spectra has been described in detail
elsewhere9 (see Chapter 1II, Section II-4). Briefly, the spectrometer
consists of a McPherson 36 cm mean radius electron energy analyzer with lmm
entrance and exit slits resuiting in a theoretical electron resolution,
AE/E, of 1/720. For electron kinetic energies of ~100 eV the theoretical

value of AE is ~0.14 eV. Assorted differential pumping was used on the

spectrometer and beamline to isolate the high pressure of the gas cell from
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the optical components of the beamline.

All of the higher energy spectra were recorded using the CSRF Mark IV
Grasshopper monochromator at the Aladdin synchrotron of the University of
Wisconsin at Madison. An ]800 groove/mm grating was employed in the
monochromator resulting in a minimum practical photon resolution of 0.08 eV
at 100 eV photon energy (see Chapter II, Section 1I-1).

The five spectra taken with a photon energy of 21.2 eV were recorded
using a commercial McPherson 36 cm mean radius electron energy analyzer
fitted with a He discharge lamp and entrance and exit slits of 0.5 mm. This
instrument is described in detail elsewherew {see Chapter 1I, Section
11-4).

The binding energy of each compound was measured through the use of
an internal calibrant, namely the 3p3,2 line of argon which has binding
energies of 15,759 eV. Although these lines interfere with the spectra

itself they are sufficiently sharp by comparison that an accurate

calibration can be made.
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Section VI-3; Results and Discussion.

Figures VI-1 to VI-5 show the spectra of the five compounds Si(CH3) &

1 GelSi(CH.,)..] and [Si(CH,).,] each at four

36’ 3
different photon energies and Tables VI-1 to VI-5 document the pertinent
data. Because of the large number of molecular orbitals (MO’s} in these
compounds the spectra have been fit with the minimum number of peaks needed
to reproduce the experimental data; no attempt has been made to fit
transitions from each individual orbital. All spectra have bteen fit in a
similar fashion and can be briefly summarized as follows: Peak A at
approximately 8 eV (not present in TMS) corresponds to the metal-metal
bonding MO and has been fit to a single peak as has peak B at ~10 eV which
results from MO’s associated with the metal-carbon bonds. The broad feature
at ~14 eV is fit to three peaks; the first two (C & D) result from MO's
associated, primarily, with the C-H bonds and the third peak, E, results
from a metal-carbon/metal-metal bonding orbital. The one exception to the
above description is the peak associated with the Si-C MO's in the cyclic
compound, DCHS, which has been fit tc two peaks (B & B’) at approximately
9.2 and 10.4 eV respectively.

From the spectra of these five compounds some qualitative trends are
readily apparent. Relative to the carbon-hydrogen MO’'s (peaks C & D), the
cross section of both the metal-carbon (peaks B & E) and the metal-metal
MO’s (peaks A & E) increase in intensity as the photon energy is increased.

Although this is generally true, the cross section of the metal-metal MO’s

in the Ge compound {(peak A; Figure VI-4) increases much less rapidly then
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the corresponding peak in any of the Si analogs.
The assignment of the molecular orbitals in the photoelectron
spectrum of Si(CH3) 4 (Figure VI-1; Table VI-1) is in agreement with

13,1 calculations. Peak

previously reported extended Hickel® and ab initio
B, at lowest binding energy, is assigned to the 3t2 silicon-carbon bonding
molecular orbital. Peaks C & D result from the carbon-hydrogen bonding
orbitals (2tz+ le + ltl) which are not fully resolved, and peak E, is a
second silicon-carbon bonding orbital of a symmetry.

Ms-Xa calculations'” predict that the 3t2 orbital in TMS is composed
primarily from the C 2p (56%Z) and the Si 3p (26.5%) with a small
contribution from the Si 3d orbitals. This assessment is in excellent
agreement with previous calculations® which predict a composition of 572 C
2p, 257 Si 3p and 67 Si 3d. As the photon energy increases, the intensity
of peaks B & E (the Si-C bonding orbitals) increases relative to peaks C & D
(the C-H bonding orbitals). From consideration of the C 2p and Si 3p cross
-.;ectionsf2 it is seen that the C 2p cross section decreases much faster than
does that of the Si 3p. Hence, at higher photon energies, it is the
inclusion of the Si 3p character in the 3t 2 (peak B) and Zal (peak E)
orbitals that is responsible for their increased intensity relative to that
of peaks C & D.

Figure VI-2 shows the spectra of Siz(Cl-l:;)6 (HMDS) at four different
photon energies and Table VI-2 documents the pertinent data. Peaks B to E
behave, qualitatively, the same as they do in the case of TMS (Figure VI-1).
However, peak B in Figure Vi-2 results from two different molecular orbitals
(7e and 8e; see Table VI-2) and this splitting is evident in the poor fit of
this peak in the He 1 spectrum of this compound. Furthermore, peak E shows

a much greater increase at higher photon energies and the relative intensity
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of peak A (not present in the spectrum of TMS) increases dramatically as the
photon energy is increased from 21.2 to 135 eV. The more pronounced
increase in peak E in HMDS compared to TMS is due to the greater Sij
character in the corresponding MO's (compare Tables Vi-1 & VI-2) and the
very large increase in peak A is a result of the high percentage of Si 3p
character in the ‘Ial orbital.

The spectra of Si[Si(CH3)314 (TKTS) and GelSi(CH3)314 (TKTG) can be
explained in a fashion analogous to that of SiZ(CH3)6 with two exceptions:
First, peak E in TKTG behaves much the same as peak E in the TKTS because
the Ge 4s electrons from which the corresponding orbital is composed have a
cross section that is similar to the Si 3s shell that is utilized in TKTS
and HMDS (see Tables VI-2, VI-3 and VI-4). Conversely, peak A in TKTG is
much smaller due to the lower cross section of the Ge 4p electrons compared
to the Si 3p shell for TKTS and HMDS.

Figure VI-S shows the spectrum of the cyclic compound, [-Si(CH.)._ -]

327%
(DCHS), and Table VI-S |lists the peak positions. No theoretical
calculations are available for this compound but it is reasonable to assume
that the peaks in Figure VI-5 that are common to the other spectra resuit
from similar molecular orbitals in this compound. The main exception is the
peak resulting from the Si-C bonding orbitals which is split into two
separate peaks (B & B’) in this compound.

The local symmetry of each Si in this compound is Czv whereas, in the
other compounds, the central Si is in a tetrahedral environment and the
other four silicons are C3v. One would not expect such a large splitting in

the energy of the MO’s in changing from C3v to Czv symmetry. Furthermore,

it is obvious from the peak positions and their relative intensities that B’

does indeed result from a splitting of peak B and not peak A. Although
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Figure VI-1. Valence band photoelectron spectra of Si(CH3) a At
photon energies, 21.2, 100, 120 and 135 eV
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Table VI-I.

The composition and energy of calculated molecular orbitals
(from reference 13) and the corresponding experimental peak and its binding
energy in the photoelectron spectrum of Si(CHa) 4 from Figure VI-1.

Composition (%)

Calculated
Energy (eV)

Exp. Peak
& B.E (eV)

-19.4
-15.9
-9.72
-9.17

-9.15
-8.17
-5.75

E (15.08)

C (12.64)
D (13.74)

C.D
C, b
B (10.35)




Figure VI-2. Valence band photoelectron spectra of Siz(CH3)6 at
photon energies, 21.2, 100, 120 and 135 eV
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Table Vi-2. The composition and energy of calculated molecular orbitals
{from reference 13} and the corresponding experimental peak and its binding
energy in the photoelectron spectrum of Siz(CH:})f, from Figure VI-2.

Composition (%) Calcuiated Exp. Peak
Calc. MO Si C Energy (eV) & B.E (eV)

lal 158 s 50.6 s -17.7 -

Zal 124 s 54.0 s -17.4 -

le 4.6 58.6 s -16.7 -

2e 4.2 58.8 s -16.59 -

381 46.0 s 24.2 p -11.70 E (15.08)

4al 36.8 s 34.0 p -10.40 E

S.‘:ll 6.6 s 40.0 p -10.20 C (12.64)
D (13.74)

e 2.2 42.0 p -10.05 C.D

4e 2.8 42.6 p -9.94 C, D

Se 1.6 43.2 p -9.62 C. D

6a, 1.2 s 42.0 p -9.56 C, D

6e 0.8 46.3 p -9.22 C, Db

laz 0.0 46.4 p -9.11 C, D

Zaz 0.0 46.8 p -9.04 C, D

Te 28.8 p 46.6 p -6.84 B (10.35)

8e 28.4 p 50.4 p -6.54 B

7al 52.0 p 20.2 p -5.02 A (8.45)

208




Figure VI-3. Valence band photoelectron spectra of SilSi(CH3)314
at photon energies, 21.2, 100, 120 and 135 eV
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Table VI-3. The composition and energy of calculated molecular orbitals
(from reference 13) and the corresponding experimental peak and its binding
energy in the photoelectron spectrum of SilSi(CH.).], from Figure VI-3.

334
Composition (%) Calculated Exp. Peak
Calc. MO Si(Center) Si C Energy (eV) & B.E (eV)
la 1.2 13.0 s 498 s -18.47 -
ltz 0.2 11.4 s S2.4 s -18.14 -
le 0.0 3.7 $6.4 s -17.69 -
2tz 0.0 6.7 s.p 579 s -17.23 -
1t 0.0 4.3 599 s -16.81 -
2a 47.0 s 22.8 s,p 1.6 s,p -14.22 E (14.88)
3t, S9p 43.1 s 25.0 p -11.77 E
381 2.9 16.6 s,p S5 p -11.41 E
4tz 0.0 2.7 389 p -11.19 C (12.51)
D (13.63)
2t 0.0 1.2 404 p -10.86 C,D
S5t 1.2 3.3 41.2 p -10.71 C,D
2e 0.0 7.4 d 44.0 p -10.41 C,D
3e 0.0 4.0 46.1 p -9.89 C,D
43‘ 1S.7 s 19.6 s,p 328 p -9.85 cC.D
3t 0.0 18.6 p 4.5 p -9.58 C,D
6t2 0.0 2.4 46.6 p -9.45 C.D
laz 0.0 0.0 98.8 p -9.17 C, D
4t2 0.0 1.7 48.1 p -9.15 C, D
‘712 8.8 p 28.7 p 36.6 p -7.49 B (10.34}
4e 0.4 28.2 p 46.0 p -7.40 B
Stl 0.0 28.4 p 50.0 p -6.82 A (8.26)

8t, 26.1 p 28.2 p 24.3 p -6.54 A
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Figure VI-4. Valence band photoelectron spectra of Ge[Si(CHa)gl 4
at photon energies, 21.2, 100, 120 and 135 eV.
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Table Vi-4. The composition and energy of calculated molecular orbitals
(from reference 13) and the corresponding experimental peak and its binding

energy in the photoelectron spectrum of Ge[Si(CH3)3l 4 from Figure VI-4.

Composition (Z) Calculated Exp. Peak
Calc. MO Ge Si C Energy (eV) & B.E (eV)
lt2 99.7 d 0.2 0.0 -30.40 -
le 99.8 d 0.0 0.0 -30.40 -
l.:x 1.8 13.3 s 50.0 s ~-18.50 -
2t2 0.2 1.3 s 523 s -18.20 -
2e 0.0 3.7 56.3 s -17.7 -
3t2 0.0 6.8 s,p 579 s -17.20 -
ltl 0.0 4.3 59.8 s ~16.81 -
.?.al 52.4 s 20.2 s,p 7.0 s,p ~14.80 E (14.80)
4t2 59 p 43.0 s 250 p ~11.80 E
3:1l 2.7 18.7 s,p 35.1 p ~-11.50 E
Stz 0.0 2.8 388 p ~-11.21 C (12.55)
D (13.56)
2tl 0.0 1.2 40.4 p -10.90 C.D
6t2 1.1 3.4 41.3 p -10.70 C.D
3e 0.0 0.8 44.5 p -10.40 C, D
43l 124 s 19.2 s.p 34.2 s -10.00 C,D
4e 0.0 1.2 46.1 p -9.93 C.D
3tI 0.0 1.8 477 p -9.62 C, D
7tz 0.0 2.4 p 46.7 p -9.45 C,.D
laz 0.0 0.0 98.8 p -9.24 C,D
4tl 0.0 1.7 48.1 p -9.17 C.D
8t, 8.1 p 289 p 37.0 p -7.53 B (10.34)
Se 0.3 28.2 p 46.1 p -7.43 B
St 0.0 28.4 p 50.0 p -6.85 A (8.13)
9t2 25.7 p 285 p 24.1 p -6.53 A




Figure VI-S. Valence band photoelectron spectra of [-Si(CH3)2-16
at photon energies, 21.2, 100, 120 and 135 eV.
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Table VI-S. The peaks in Figure VI-5, their binding energy and peak width
for the He I spectrum of [-Si(CH3)2-l6 (DCHS).

Binding Peak
Peak Energy (eV) Width (eV)
A 7.89 0.796
B 9.19 0.700
B’ 10.41 1.1S0
C 12.68 1.010
D 13.89 1.610
E 15.47 1.260

there is no precedent in the literature to support this claim, the splitting
of the Si-C molecular orbitals has been assigned to the axial and equatorial
arrangement of the methyl groups around the silicon ring. The steric
repulsion of the axial methyl groups raises their energy (peak B) while the
morc isolated equatorial methyl groups (peak B’) are at lower energy. To
summarize the above effects, over the energy range from 21.2 to 135 eV, the
C 2p cross section shows the greatest decrease, dropping from ~5 Mb to
~0.065 Mb'? Thus, orbitals that contain a large percentage of C 2p
character will show the largest decrease in relative intensity over this
energy rang~ The Ge 4p cross section exhibits the next largest decrease,
ranging from ~0.7 Mb at 21.2 eV to ~0.03 Mb at 135 eV and the Si 3p orbitals

show the smallest change in cross section, decreasing from 0.4 to 0.1 Mb




over the energy range of im.erestf2 Hence, relative to the C 2p, orbitals
composed of the Ge 4p electrons will show an increase in intensity over the
energy range 21.2 to 135 eV, and orbitals formed from the Si 3p will show an
even greater increase in relative intensity over the same energy range.

Table VI-6 shows the peak area as a function of photon energy for
peaks A to E in Figures VI-1 to VI-5 where the area of peak B in every
spectrum has been normalized to 100. The data in Table VI-6 has been used
to construct Table VI-7 which compares the ratio of the area of peaks A (the
metal-metal MO’s) and B (the metal-carbon MO's) to that of C+D (the
carbon-hydrogen MO’s). This data is plotted in Figure VI-6 for the three
photon energies 100, 120 and 135 eV where the solid lines represent data for
the branching ratio B:(C+D) and the dashed lines are for A:(C+D)

The branching ratio B:(C+D) is quite similar for the four compounds
studied with the one exception that the data for TKTG, the germanium
compound, rises abruptly at 135 eV. The data for the three silicon-based
molecules form three parallel lines of approximately equal slope and
comparable y-intercept which is indicative of the similar composition of the
molecular orbitals in these three compounds. The branching ratios for HMDS
are consistently lower than those of the other three compounds. This may be
due to the fact that HMDS is the only non-tetrahedral member of the group
and the different composition of MO's in this molecule may result in lower
branching ratios.

The branching ratio A:(C+D) i+ represented by the dashed lines in the
lower half of Figure VI-6. The data for the two silicon-based compounds,
HMDS and TKTS, are very sinilar with the HMDS data again exhibiting the
lower branching ratio. Similar to the B:(C+D) data, the A:(C¢D) branching

ratio for TKTG also rises at 135 eV, but here, the overall lower value
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Table VI-6. The peak areas in Figures VI-1 to VI-S normalized so that peak
B in every spectrum has an area of 100

Photon Energy (eV)

Molecule Peak 21.2 100 120 135
Si(Cl*l:,)4 B 100 100 100 100
o 48 36 30 27
D 21 175 124 103
E 17 25 27 20
SiZ(CH3)6 A 21 27 40 48
B 100 100 100 100
C 108 81 53 44
D 207 166 123 101
E 22 56 76 64
Si[Si(CH3)3]4 A 23 38 47 46
B 100 100 100 100
C 97 00 50 39
D 193 129 102 88
E 36 63 53 48
GelSi(CH3)3]4 A 25 29 31 34
B 100 100 100 100
C 94 7 S3 28
D 206 129 108 92
E 54 61 58 63
l—Si(CH3)2-]6 A 30 48 52 52
B’ 31 58 43 49
B 100 100 100 100
Cc 119 102 74 56
D 211 220 147 131
E 39 45 29 33




Table VI-7. The ratio of the peak areas from Table VI-6.

Peak Area Photon Energy (eV)

Molecule Ratio 21.2 100 120 135
Si(CH3)4 B:(C+D) 0.307 0.474 0.649 0.769
Siz(CH3 )6 A:(C+D) 0.067 0.109 0.227 0.331

B:(C+D) 0.318 0.405 0.568 0.690
Si[Si(CH3)3l4 A:(C+D) 0.079 0.201 0.309 0.362
B:(C+D) 0.345 0.529 0.658 0.787
03(:[Si(Cl'l3)3l4 A:(C+D) 0.083 0.145 0.193 0.283
B:(C+D) 0.333 0.500 0.621 0.833

(compared to TKTS) is indicative of a substantial contribution from the Ge
4p atomic orbital as is expected from the metal-metal bond in this compound.

Figure V1-7 shows the cross section ratio for the Si 3p and Ge 4p
compared to the C 2p at 100, 120 and 135 eV. The Si/C ratio forms a
straight line through the three data points similar to the branching ratios
in the three molecules TMS, HMDS and TKTS. The Ge/C ratio is much smailer
and rises slightly at 135 eV similar to the A and B branching ratios for the
germanium-containing compound TKTG.

If one assumes that peaks C and D result from MO’s that are entirely
C 2p in character then the only way that the branching ratios of TKTG can

increase at 135 eV is if the corresponding orbital{s) contain considerable

Ge 4p character. This is expected of peak A in the spectrum of TKTG because
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Figure VI-6. Branching ratios for peaks A & B compared to (C+D).
The ratio B:(C+D) is represented by the solid lines and A:(C+D) by
the dashed lines.
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Figure VI-7. The ratio of the cross sections of the Si 3p and
the Ge 4p levels compared to the C 2p. The ratio Si/C is
represented by the circles and Ge/C is represented by the

diamonds.
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it results from the metal-metal bond and this feature is predicted by the X«
calculations. However, this also implies that peak B must correspond to at
least one MO that has significant Ge 4p character; a fact that is not

supported by the calculations (see Table VI-4).




Section Vi-4; Conclusions.

The valence band photoelectron spectra of organo-silicon clusters
consists of three main peaks with binding energies ranging from
approximately 8 to 18 eV. The peak with the lowest binding energy (~8 eV)
results from the metal-metal bonding molecular orbital which is primarily of
Si 3p (or Ge 4p) character. The next highest peak (~I0 eV) results from
orbitals associated primarily with the metal-carbon bonds and are mostly C
2p and Si 3p in character. There is, however, some evidence that, in the Ge
compound, this peak may also result from MO’s associated with the
metal-metal bond. The third and broadest peak has been divided into three
unresolved transitions: the first two (at ~12.5 and 14.2 eV) are associated
almost entirely with the C-H bonding orbitals and are composed mostly of C
2p electrons. The third transition in the third peak {~15.2 eV) is assigued
metal-metal character because of its large increase in relative intensity as
a function of photon energy. The two exceptions to the above description
are in the case of TMS [Si(CH3)4] which has no metal-metal bond and in the
case of DCHS [-Si(Cl'la)z-l6 in which the metal-carbon peak is split into two

separate peaks. Although there are no calculations to support this data,

the splitting of the Si-C bonding MO’s in the second peak may be due to the

axial and equatorial positions of the methyl groups around the Si ring.
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