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Dissociative multiple photoionization processes of dimethylsilanSi€Hs),) have been investigated in the
valence and Si(2p) core level photoexcitation/photoionization regions by time-of-flight (TOF) mass spectrometry
coupled to synchrotron radiation, operated in both the photoeleeplootoion coincidence (PEPICO) and
photoion—photoion coincidence (PIPICO) modes. Two group absorption bands below and above thg) Si(2p
threshold 106.51 eV are observed in both total photoion and PIPICO yield curves. Various monocations of
Hn"(n = 1-3), CH"(n = 0—4), GH,*(n = 1-3), SiH,*(n = 0—3), SiCH,"(n = 0-5), SiGH,"(n = 0-7)

are observed, the yields depending on the excitation energy. In the valence ionization region, egpecially

30 eV, extrusions of H, b} CHs, and of CH (or H + CHs) and CH + H; (or H + CHy), are predominantly
observed leading to the formation of SKi" (n = 6, 7) and SiCH" (n = 3-5), respectively, whereas in the
Si(2p) excitation and ionization regions, ionic fragments of smaller masses such @i, Sit, and SiCH*

are relatively abundant in the PEPICO spectra. Bond-selective fragmentation processes occur in the two
absorption regions. An ab initio calculation was also carried out to predict discrete excitation energies and
their modes corresponding to the transitions from the core to valence and Rydberg orbitals.

Introduction includes three carbon atoms, and thus there could exist a variety

In recent years, extensive studies have been made of theof dissociation patterns. At high energy involving excitation of

energetics, spectroscopy, and dynamics of the core-hole exciteothe Si(2p) sh|¢ld|ng eIectr(_)n, '.[he time-of-flight (TQF) signals

states involving Si(1s).3 Si(2s)? and Si(2p}32 cores by are brpad owing to _the kinetic energy releasg via Cou_lomb

various methods such as X-ray photoabsorption spectroscépy, (ranx(f)rlgs;):] d|20?nr2|pe césu'r'eor;'u';'ﬁ V\;esvfj:;‘nbe{heT;ﬂfgén%DaMrggﬁively

discrete variational (D\§o. method?? multiple-scattering (MS) npie T y -

Xo. method?® and electron energy loss spectroscabiihe (CHg)2), in which fewer carbon atoms are bonded to silicon,

; o L : we could better resolve each mass and thus elucidate the energy

interpretation of the photoionization mass spectra of molecules = ~.”". . . L .

is of much importance to infer the electronic and charge Statesvarlatlon of dissociation behaviors in more detail. Furthermore,
X S . - . ~~we could directly compare reactivities such as the H and CH

of the parent ions. Also, the coincident detection of ion pairs =~ =~ ",

formed via the absorption of the single VUV photon leads to eliminations, because an equal number of H atoms and methyl

insight into the dissociation pathways and repulsive states asdroups are involved in the molecule.

well as the identification of the charge states of the precursor In an attempt to clarify the dlssomatlor_] me.Chan'.sm’ we have
ions. The photoiorphotoion coincidence (PIPICO) technique also checked the pressure effect on various ion yields, because

has been frequently employed to probe two ionic fragments '.[his kind of experiment could verify that the individual product

formed via dissociative ionization of gas molecules, and ions are formed via a single collision between a photon and

sometimes to measure kinetic energy release in the fragmenta-a mc_;lecule. An _ab initio calcula_non was alsc_) performed_t(_)
tion. predict the energies and symmetries of the excited states arising

In our previous study, we reported dissociation patterns of from the core excitation. Bond-selective fragmentation patterns

multiply charged trimethylsilane (TMS, HSi(G)4), both in the are discussed in conjunction with the relevant electronic
valence and Si(2p) core level excitation/ionization regions, in states.

the photon energy range 3833 eV? In that report, we could . | h ical .

not clarify fragmentation pattern details because we could not Experimental and Theoretical Section

resolve some individual ions OWing to the OVerlap between the The present experiments were carried out using a TOF mass

adjacent masses, tig/z ratio differences of which are one or  spectrometer, coupled to a constant-deviation grazing incidence

two. The mass overlap occurs greatly in the mass spectral regionmonochromator installed at the BL3A2 beam line of the

of SiGH," (n = 1) ions at high excitation energy, because TMS  yjtraviolet Synchrotron Orbital Radiation (UVSOR) facility in

- Okazaki. The design and construction of the apparatus have been
*To whom correspondence should be addressed. E-mail: BHBoo@ described in detail elsewhet®3* and thus are only briefly
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 Chungnam National University and Center for Molecular Science. described here. The dispersed photon beam enters the ionization

* Himeji Institute of Technology. region through a hole (3 mm ). A relatively high electric field
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(725 Vicm) was applied to the ionization chamber having a TABLE 1: Electronic Configuration of H ,Si(CHs),
6-mm-diameter hole for ion extraction. The entrance aperture Determined by the HF/6-311+G(2df,p) Calculation
of the drift tube was 8 mm in diameter. The TOF mass orbital involved symmetry and numbers of electrons occupied

spectrometer employs a drift tube of adjustable length for a facile ™ gj(15) (12
detection of metastable ions or to obtain better resolved mass  C(1s) (Bo)?, (2A1)?
spectra. Flight-path lengths of 20 and 50 cm were used in the  Si(2s) 3y

! 1,
present study. The mass detection angle can be varied by rotating \?é(é?l)ce MO ((1532 Eg’é‘gz %232 (2B, (7A0)?

the mass spectrometer in the .plane perpendicglar to'the incident (4B,)2, (1A2)2 (3B1)2 (8A1)2, (5B,)?

photon beam direction. In this study, a quasi-magic angle of _ _

55° 3536 hetween the ion flight path axis and the polarization TABLE 2: Geometrical Parameters of H,Si(CHz),

direction of the synchrotron beam is used for suppression of ORtimized at the HF/6-31G*, MP2/6-31G*, and MP2/
) . . . . 6-311G(2df,p) Levels

anisotropic effect in the collection of fragment ions.

The TOF mass spectrometer is operated by the time-correlated caled, A
ion-counting technique in two different modes: a PEPICO mode Parameters HF/6-31G* MP2/6-31G* MP2/6-311G(2df,p) exptl

and a PIPICO mode. To operate the PEPICO mode, the start SiH 1.481 1.491 1.484 1.483
I for ime-to-amplit nverter (TA r rovi CSi 1.889 1.885 1.875 1.867
e oh ?tl etto amp lljde . ﬁte (I Ic)ta i O:.ed CH 1,087 1,094 1,092 1,095
y the photoelectron signals at a channel electron multiplier,  g;y 107.45 107,53 107.82 107.83
sampled from the collision chamber in the opposite direction  csic 111.41 111.09 110.89 110.98
of the ion flight direction, and the stop pulses are generated by ~ CSiH 109.47 109.54 109.52 109.48

the photoion signals at microchannel plates located at the end HCH 107.62 107.76 107.87 108.00
of the TOF tube. To operate the PIPICO mode, however, the 2Reference 34.

start pulses are provided by the lighter ions, and the stop pulses
are generated by the heavier ions of counterparts. 124

Variation of the total PIPICO intensity with photon energy
is obtained by recording PIPICO count rates and photon
intensities while the photon wavelength is scanned. Normalized
total PIPICO intensity is then obtained by dividing the recorded
PIPICO count rates by the recorded photon intensities. When
we measured the PIPICO count rates, the coincidence time range
(gate width in TAC) was set to be—b us at the 20-cm flight
path length (6-10 us at the 50-cm flight path length), because
the TOF differences between any pairs of ions formed from
DMS fall into these time ranges.

A thin optical filter of aluminum was used in the energy range
38-68 eV for elimination of higher-order radiation. The slit e T w o om0 w0
width of the monochromator was 50@0m to give optical
resolutions of 0.1 and 0.2 nm in the regions above and below PHOTON ENERGY (eV)
50 eV, respectively. The background pressure of the main Figure 1. Total photoionization efficiency curve of J8i(CHs).
chamber was~3 x 10°° Torr. When the DMS gas was recorded in the range of 6333 eV._The inse_t shows the scale-
introduced to the ionization chamber, the pressure of the main €XPanded spectrum in the Si(2p) excitation region.

chamber was maintained at6 x 107 Torr. However, the  photoion and PIPICO yield curves are compared with theoretical
sample gas pressure in the ionization region was not directly evaluation by combining the computed term values, the
measured. The DMS gas was purchased from the Tori Chemicalexperimental ionization limit for Si(2), 106.51 e\VA% and the
Research Institute Ltd. with a purity of 99.999%vt/wt % and energy difference between the binding energies of $i{Pand
was used without further purification. The TOF spectra con- Sj(2py,), 0.6174 0.005 eV2®
firmed its purity. . .

To assign all the resonance bands, ab initio molecular orbital R€Sults and Discussion
calculations were carried out. To check the reliability of several  In the independent particle description, the ground-state
ab initio calculations in predicting the structure and energies of electronic configuration of DMS can be written with the orbital
DMS, the molecular geometry was optimized at the HF/6-31G*, ordering presented in Table 1, with the aid of the HF/6-
MP2/6-31G*, and MP2/6-311G(2df,p) levels of theory, and then 311++G(2df,p) calculation. The geometrical parameters were
compared with the experimental geometfyFor the MP2 optimized at the HF/6-31G*, MP2/6-31G*, and MP2/6-311G-
calculations, the core electrons are excluded for electron (2df,p) levels. Table 2 lists the optimized geometrical param-
correlation calculation to reduce a computation time. The term eters. Among the geometrical structure calculations, the MP2/
values of the core-excited state, i.e., the energy difference 6-311G(2df,p)-optimized geometry is found to be in better
between the core-excited state and the corresponding ionizatioragreement with a microwave stufdythan other calculations.
limit, are estimated by the equivalent ionic core valence orbital  In Figure 1 we present the total photoion yield as a function
model (EICVOM) calculatiort®3 The HF/6-313%+G(2df,p) of energy in the range 65133 eV. We present only the spectral
orbital energy calculations were performed ogPKCHs),™ at region from 65 to 133 eV, because one of the three gratings
the experimental geometry of,Hi(CHs)2,%” and simply the covers only this energy range and it is adequate to show only
negative values of the resulting unoccupied orbital energies werea spectrum taken at the same conditions. In the total ion yield
taken in this study as the term values of DMS. A Gaussian 94 curve, we have observed a sharp rise freml02 eV. The
program suité installed at SERI of ETRI in Korea was used binding energy of the Si(2p) electron has been reported as
in these ab initio calculations. The various peaks in the total 106.51 eV, the value determined by high-resolution photoelec-
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tron spectroscop}? Hence, the transitions below 106.51 eV are ' T ' ' L
attributed to the discrete excitation of the Si(2p) core electron
to the unoccupied antibonding and Rydberg orbitals. Previous
studies show that the excitation of Si(2p) core electron to the
first antibonding orbital occurs when the incident photon energy
reachess 103 eV, the energy being more or less shifted with
different ligandsi=28:30-32 Chemical shifts of photoelectron and
Auger lines are linearly dependent on the average differences
in Pauling’s electronegativities to the nearest neighbtys,*°
Below the threshold, Morin et al. proposed that the double-
resonant Auger process is more important than the direct double
ionization below the Si(2p) edd@.This is discussed further 0 — m m o0 10 1w

below. PHOTON ENERGY (eV)
_ Ab_ove the thresh_old, we observe a small feature in the total Figure 2. Total photoion-photoion yield curve of kSi(CHy), in the
ion yield curve which may correspond to a shape resonancerange of 65-133 eV.
near 107.6 eV (peak D), and also a slow rise above 109 eV, o _ _ _
assigned to the delayed onset phenomena and/or to photoionJABLE 3: Excitation Energies (eV) for Various Si(2ps)
ization shake-off which never declines up to 133 eV, the g%rfirilg States of HSI(CHs), Determined by the HF/

. . . 6- (2df,p) Calculation
maximum energy examined here. The post-threshold behavior — —
of DMS is quite different from that of TMS, in which the total ~ Sym of orbitalinvolved Energy sym of orbital involved _Energy

ion yield declines after 121.6 eV. 1A 103.83 N 105.56

30 +

H,Si(CH,),

20 |

E Si(2p,,) edge

TOTAL PIPICO YIELD (Arb. Units)

The peak at: 107.6 eV (peak D) may correspond to the %iz 182'2% 1222 182-33
shape resonance above the Si(2p) threshold coupled to the 181 104.70 :Bz 106.00
Rydberg orbitals and continuum. The resonance arises from the 3A; 105.02 B, 106.37
excitation of the Si(2p) to a quasi-bound potential well which 2B, 105.33
is created by the backscattering of the excited electrons by
ligands. 3), and from the spirorbit splitting, 0.617+ 0.005 eV,

The slow rise may correspond to the delayed onset phenom-determined in the spectra for)Gi(X = H, CHs, F, Cl, etc.)!®
ena in the atomic photoabsorption and photoionization. This Peak A at 103.4 eV in Figure 1 may correspond to the $iPp
spectral behavior has also been observed in the photoionization— ¢(1A;)* transition. The discrepancy between theory and
of SiH4.2° The behavior is caused by centrifugal barrier effects experiment may reflect that the HF/6-3#1+G(2df,p) calcula-
which are increasingly important with the increasing angular tion may greatly underestimate the term values corresponding
momentum of the quantum numbkinvolved:*'42 However,  to the transition, although the Si(2p) electrons cannot efficiently
one can speculate that the slow rise comes from dissociationscreen the nuclear charge owing to the extensive d character. It
following direct double photoionization, such as shake-off above s shown in previous literature that the term values determined
the threshold, in which photoejection of an electron from the py the configuration interaction calculation match better with
core gives rise to a sudden change in the central potéAtidl.  experiment than do those determined by the HF calcul&tion.
Mukoyama et al. reported the calculated atomic excitation However, it should be pointed out that calculated term values
probability for various shells as the result of a sudden Si(2p) syppose two separate calculations, one of the initial state and
vacancy production of the silicon atortfsThe electron excita-  gne of the final state, and therefore our simple calculation of

tion probability for 3s and 3p electron ejection accompanying virtyal orbital energies by using the EICVOM theory could only
a sudden Si(2p) ejection is estimated as 5.0 and 14.7%,npelp to assign the discrete excitation states.

respectively. For this molecule, double or multiple photoejection
could occur with probabilities not less than those for the silicon
atom as the result of the sudden vacancy of a Si(2p) shielding
electron. This shake-off process can lead to the observation of
many ionic fragments. In this region, the coincident ion pair
formation of H" — CH,* (n = 0—3) prevails, indicating that
the possibility of triple ionization followed by molecular
fragmentation is greatly enhanced.

A simple ab initio method is well-known to be able to
estimate the orbital energies of core-hole excited molecules. By
the EICVOM theory?%38 H,P(CH)," corresponds to the o ) o
equivalent ionic core of the core-excited state of DMS by The total PIPICO efficiency curve is presented in Figure 2.
assuming that the Si(2p) electrons effectively screen the nuclear! "€ two features at 104 (Peaks A, B, and C) arrd 108 eV
charge, as in the case of the Si(1s) electrons. An ab initio (Peak D) also appear, indicating that two kinds of resonances
calculation at the HF/6-3H1-+G(2df,p) level has been per-  9CCUr.
formed on HP(CH)," to estimate the antibonding and Rydberg Figure 3 shows a typical PEPICO spectrum taken in the
orbitals of the core-hole excited state 0§S#CHs)2. All the PEPICO mode, recorded at the 110-eV photon energy and the
calculated results are listed in Table 3. However, the closely 50-cm flight path length. Unless otherwise noted, all the
spaced intervals of term values hamper a straightforward PEPICO and PIPICO spectra were taken at 20-cm flight path
assignment of the excitation energies. The excitation energylength. Various monocations,,H(n = 1-3), CH,* (n = 0—4),
corresponding to Si(3p) -to-o(1A1)* can be estimated as 104.4 C,H,* (n = 1-3), SiHk™ (n = 0—3), SiCH," (n = 0-5), and
eV from the excitation energy calculated here, 103.83 eV (Table SiC;H,™ (n = 0—7), are clearly observed.

Peak B may arise from the Si(Zp -to-o(1By)* and/or
Si(2pip) -to-o(2A)* transitions. The excitation energy for these
transitions is estimated as 105.0 eV, the value determined
from the calculated excitation energy listed in Table 3 and the
energy difference of the Si(2p) and Si(2p;2). The value is in
fair agreement with the experimental value of 104.0 eV. Peak
C may correspond to the transitions of S{2p-to-o(1B1)* and/
or Si(2p) -to-o(3A.)*, the excitation energy of which is
estimated as® 105.5 eV, in fair agreement with an experimental
value of 104.5 eV.
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Figure 4. PEPICO spectra of }$i(CH;), taken by excitation at photon
energies 24, 35, 45, 70, 90, 105, and 115 eV.

In Figure 4, we present PEPICO spectra taken at 24, 35, 45,
70, 90, 105, and 115 eV. The variation of the ion yield ratio, 0.010; SiGH,*, 0.016+ 0.009. Here, the uncertainties of the
ion yield ratios are @ (0 = standard deviation). In Figure 6a,b

I photoion | tot photoion With energy is shown in Figure 5&. It should

be verified that the ions observed are formed from a single are presented the relative ion yields as a function of photon
collision between a photon and a molecule. Therefore, we energy. It is also noticed that at a given energy, the relative
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Figure 5. Ratios of integrated intensities of ion peaks in TOF mass

spectrum of total photoion intensitYpfotoion tot photoion for H2Si(CHs)z

as a function of photon energy.

carried out several pressure-dependent experiments by varyingjields are derived by multiplying the value fdf photoion

the pressure of the sample. No appreciable variation of the I pnoton(Figure 1) by the value for the corresponding ion yield
individual ion yield ratios with pressure was observed. This ratio presented in Figure 5&. Therefore, the sum of intensities
indicates that each observed ion is formed from a single for all the ions indicated in Figure 6a,b equals the total photoion

molecular process. The individual ion yield ratios in the four intensities displayed in Figure 1.

consecutive pressure-dependent experiments range as follows: Figure 7 presents a well-resolved PIPICO spectrum taken at
the 110-eV energy and the 50-cm flight path length. It should

H*, 0.291+ 0.011; H*, 0.015+ 0.001; H*, 0.002+ 0.001;
CH,*, 0.430+ 0.018; SiH™, 0.101+ 0.009; SICH', 0.146+

also be noted that the PIPICO spectrum was taken under the



1478 J. Phys. Chem. A, Vol. 104, No. 7, 2000 Boo et al.

T T T T T T T
— 12 -£.5 (@) H SI(CH )
%) - 24eV
E H_Si(CH 2 372
5 4 Valence
S 10 2.0 -] 4 | i i
o
< CH,*
8 8 .
1.5 .
~J Total 35eV
% . o f j Valence
=2 o / CH2+
) i
- _ ~
w4 . ﬂ”ﬂwmﬂ H+CH * [CH +SiCH +) 45ev
= 7 ch n 3 n Valence
< 7 Jos ] v DFFDDD .
g e f o
o - ——e. 1 - : o]
&« 0 e mg;':u M 0 Aoz QD "J”AS-Q-M CH
0 1o 13 e 1o 130 H*+-SiH + 70eV
Valence
PHOTON ENERGY (eV)

90eV
. Valence
H+-S|CHn+

: }\[’ ()
M.

0.15 4 .
H.+
2 SICH_* (n=0-5)
1.5

%)
5
€
< 105eV
(é) N Si@2py— o
% 0.10 4 FPD’;
> i 115eV
Q CH_*-SiH * Shape resonance
L§ 0.05 - H+-S|CZHn+
> b
S‘ ’,ux.’ T T T T T T T T T T T T 1
'6:“ {n=0-8)* 0.4 0.8 1.2 1.6 2.0 24
= i
0.00 1L : —o.0 I Z .
90 110 130 ) 130 TOF DIFFERENCE (,US)
PHOTON ENERGY (eV) Figure 8. PIPICO spectra of bBi(CHs), taken by excitations at photon
Figure 6. Partial ion yield spectra of $$i(CHs). in the range of 85 energies at 24, 35, 45, 70, 90, 105, and 115 eV.
133 eV. The spectral intensitiekotoion ot photon) @re presented on the o
same relative intensity scale. [l A A B R R L L
T — T T T H,Si(CH,),
5F CH,* - SICH,* b _ 80 1.
> N H* - CH_* (n=0-3) 7
‘3 A ;," (CH* - SICH_*) o
I(Q 8 60 4 f
% E(: \/ 10 Ay
8 8 40 E D,ﬂx"ﬂ - SiH_* (n=0-3)
8 E _ { He-SICH + (n=0-7)
a Q. CH,* - SiH + (n=0-3) 54 Pa aaa 3
%- 204 R a A aQ 5l
Pt oo
0 ey L, L T T T O
30 50 70 20 110 130
TOF DIFFERENCE (us) PHOTON ENERGY (eV)
Figure 7. PIPICO spectra of k8i(CHs), measured at 110-eV photon Figure 9. Ratios of integrated intensities of the PIPICO peaks in the
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H.Si(CHs), as a function of photon energy.

same conditions for the spectrum shown in Figure 3. At this
energy, eight classes of ion pair formations are observed. Thesespectrum was taken at the same conditions as the PEPICO

are: H —Hy", CHg™—SiH," (h = 0—4), CHyt—SiCHs*, Ht— spectra shown in Figure 4. Figure 9 shows the variation of the
CH," (n = 0-3), H'—C,Hy" (n = 1-3), H"—=SiH," (n = PIPICO ratio with energy. Energy dependence of the dissociaton
0—3), H"=SiCH," (n = 0-5), and H'—SiGH," (n = 0—3). patterns will be discussed later. Figure 10 presents partial

The most efficient process at 110 eV is the ion pair formation PIPICO yield spectra in the range-6%30 eV. It is also noticed

of CHst—SiCHs*. In comparison with the PIPICO spectrum that at a given energy, the relative PIPICO yields are derived

of TMS S it is shown that the product ions and the dissociation by multiplying the value folti pipicc ot photonby the value for

patterns in the DMS system are quite similar to those in the the PIPICO ratio presented in Figure 9. Therefore, the sum of

TMS system studied recently in our laboratéry. intensities for all the PIPICO spectra indicated in Figure 10
Figure 8 shows the PIPICO spectral behaviors at 24, 35, 45, equals the total PIPICO yield displayed in Figure 2. It is also

70, 90, 105, and 115 eV. It is also noticed that each PIPICO noticed that the two set experiments for the ion yield and
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5 —— ———— In our simple PIPICO mode, it is impossible to detect three
\/ or more ions coincidentally. The formation of the ion pairsH

2 22 CH,* (n= 0—-3) and H"—H," hints at the occurrence of triple

n

8 ionization. Because the electronegativities of H and C atoms
are larger that of Si, and because the positive charge prefers
the more massive fragment, the silicon-containing cationic
species are most likely formed along with the ion pairs ofH
CHy™ (n = 0—3) and H"—H," by processes 3 and 4.

H* - CH_* (n=0-3)
(CH,* - SICH,")

RELATIVE PIPICO YIELDS (Arb. Units)

,,,,,, H,Si(CHy),”" —
14 - H" + CH.* (n=0-4)+ SiCH," + NP (3
SUNg P 3 ;" (n=0-4)+ SICH" + NP (3)
. oo ' H,Si(CH,),”" —
65 85 105 125 65 85 105 125 HT + H2+ + SiC, Hp+(l’l =0-2,p=0-5)+ NP (4)
PHOTON ENERGY (eV)

Figure 10. Partial PIPICO yield spectra of 83i(CHg); in the range Throughout this text, NP denotes the corresponding neutral
65-130 eV. The spectral intensitiefpicclior photion are presented products as undetected fragments and IP refers to the corre-
on the same relative intensity scale. sponding ionic products as the unidentified fragments. However,
) ) it should be noted that only the observations of the ion pairs of
PIPICO yield measurements (Figures 6 and 10) and for the ion 4+ 4 CH,* (n = 0—4), H + SiCHs*, and CH*(n = 0—4) +
yield ratio and PIPICO ratio measurements (Figures 5 and 9) SiCH,* cannot confirm the existence of a triply charged parent
were performed in consecutive manners for each set experimenion of H,Si(CH,),*", because each fragmentation pathway would
under very similar conditions. However, it is found that the haye its own probability to occur from the doubly charged
measured yield ratios in each set experiment are a little different precursor ion.

from each other within experimental uncertainty. CH,* (n = 0—4) Channel. The ion yield ratio of CH*
At low energies, the most efficient processes are found to be begins to increase after 105 eV and then reaches a maximum
reactions 1 and 2. at~ 110 eV, the energy above the threshold. As seen in Figures
5a and 9, the ion yield ratio for G#i and the PIPICO ratios
H,Si(CH,), + hv — H,Si(CH,)," + e— for H*—CHy* (n = 0—4) (CHs*—SiCHs"), respectively, are

S found to dip around 105 eV. This indicates that at these energies,
SiCH;" + CH; + e (1) the ion pair formations of H—SiCH," (n = 0—2) are quite
. . + competitive (Figure 9), demonstrating that the occurrence of
H.SI(CHy), + v = H SI(CHy),” +e— the bond-selective fragmentation processes depends on the
Si(:2H7+ +H+e (2 energy. Previous study of the dissociative ionization of S{jigH
also shows that the SIC bond cleavages leading to the ion
H pair formation of CH*—Si(CHs),* (n = 0—3) occur efficiently
at~ 107 eV*?1t is still unknown why the CH" ion is abundant
at the post-threshold energs (110 eV).

Because this molecule includes an equal number of the
atoms and the methyl groups, one can surmise that the
efficiencies of the H- and Cleliminations are reflected from - .
the observed ion intensities of Si€;* and SiCH™, respec- _ I;Ei():.tlons 5 and 6 can account for the formation oh Cé
tively, showing that the efficiencies in the dissociation pathways '
are similar to each other. Other eliminations of(dr H + H),

; 2+ _, + ; +
CH, (or CH; + H), and H + CHgz are found to be competitive H,Si(CHy), CH;" + SICH;™ + H, (or H+H) (5)

with processes 1 an_d 2 o . H,Si(CHy),* —
In the Si(2p) excitation and ionization regions, however, N .
resonant multiple and normal Auger processes seem to play an H" + CH, (n=0-4) + IP (or IP+ NP) (6)

important role in the total ion yield, because PIPICO signals
are greatly enhanced in these regions, as seen in Figure 10. The C;H,*(n = 0—4) Channel.A doubly charged ion cannot be
variation of the partial ion yields with energy is discussed below distinguished from the singly charged ion when their mass-to-
in conjunction with the relevant electronic states, based on the charge ratios are the same. Therefore, the formation of the ion
observations of the ion and PIPICO intensities as a function of pair of H*—C,H,*(n = 0—3) is not clarified, because the mass-
energy. to-charge ratios of &,", C;Hs*, and GH,' are the same as

H* Channel.As seen in Figures 5a and 6a, thé itensity those of SiG**, SiGH,**, and St (SiCH4*"), respectively.
starts to rise from 102 eV and then reaches a maximumat However, we strongly believe that processes such as reactions
103.4 eV. This spectral feature has also been observed in the/ and 8 can occur, because in our laboratory we have observed
TMS systenf Around this energy, the PIPICO intensities the GHn" (n = 0—4) ion in the dissociative photoionization of
corresponding to F—SiGH,* (n= 0-2) are greatly enhanced. ~ Ge(CHy)a.*°
Previous studies of photoabsorptidand photoionizatioly:11
of SiH; show that the transition of Si(2p) to the -SH H,Si(CHy),”" — H + [H,Si-+I*" —
antibonding orbital occurs in the range from 102 eV to~ St +
105 eV. Therefore, it seems a plausible observation that the H+ SiHg" + CH,™ (7)
bond-selective fragmentation involves the ionic bond cleavage H,sj(CH,),*" — H* + [H,Si-+I[*" —
of Si—H, such as Fi—SiCHp" (n = 0—2) in the Si(2p)-tos* N 4 -
(Si—H antibonding orbital) transition. H"+CH, +SiH;" (8)
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The formation of SiH*' indicates that intramolecular rear- SCHEME 1
rangement involving the double H-transfers from the carbon . tati
atoms to the silicon atom can occur prior to the-6i bond HoSi(CHy)o + her = HpSi*(CHg)y (core excitation)
cleavages. This is discussed further below. H,Si*(CHs), —  H,Si(CH;)3" + 2
SiH,* (n = 0—3) Channel. As seen in Figure 5b, photon . .
energy dependence of the SiHon intensities is quite different — H;Si(CHy);" + 3e

from that of Si and SiH", implying different sources of the H,Si(CH,)2* — CHjf + SiCHf + H,

ion formation. It is interesting to infer the reaction mechanism

for the formation of SiH*. The formation of the ion indicates -

the occurrence of the hydrogen migration from carbon to silicon H,Si(CH,)3* — H*+CH{ +SiCHf + H
atom.

H,Si(CH,),” — H 4 [H,Si+ll]" — H + SiH, " + C,H, (9)
4. This implies that a new dissociation pattern, other than

This kind of hydrogen shift and the bond formation between dissociation of doubly and multiply charged ions, must be
the Si atom and the ethene ligand are reported by previousresponsible for the formation of Sig,* (n > 3):
experimental and theoretical studeg®-4° However, the Si
and SiH" ions are presumed to be formed directly via the Si H,Si*(CH;), — H + HSi*(CH,), —
and Si-H bond cleavages. The ion efficiencies for the 8nd : +
SiH" ions are greatly enhanced in the Si(2p) excitation and H+HSIGH,” (n> 3) + NP+ e (16)
continuum regions. This indicates that the Si(2p) excitation
followed by Auger processes weakens specifically theGSi
and StH bonds rather than the-€H bonds, giving rise to the
observation of the Siand SiH" ions. The major channels for
the Sit and SiH" ions are reactions 1012.

In previous studies of core excitation of silane, de Souza et
al1% proposed a two-step decay process for a valence resonance,
namely a fast dissociation followed by the autoionization of
the excited fragment, on the basis of the observation of Br(3d)
core excitation of HBPO

H.Si(CH).2" — CH." + SIH* (h=0-1)+ NP _ (10 Interestingly, one can observe consecutive molecular elimina-

2SI(CHy) s n ) (10) tions leading to the observations of the various ions o68iC
H,Si(CHy),>" —H" + SiH.* (n=0-1)+ NP (11) (n=odd number 1, 3, 5, 7), as seen in Figure 5c. In the whole
energies, the Sigl,* (n = odd number) ions are formed more
HZSi(CH3)23+ — efficiently than those having the corresponding even numbers.
. If the several consecutive eliminations of molecular hydrogen
+ + +(h— N
H™+ CH;" + SiH," (n=0-1) + NP (12) are responsible for the observed ions, the weak intensities of

. . - SiCHn" (n = even number) are probably related to the intensity
+ — 0N—
hS'CH” g.j =0-5) Chrz]annel.IFui;urg_? |nd|chatefs that one ?fh of SiG;Hg" being lower than that of SiEl;™, given that the
the major dissociation channels leading to the formation of the ;- SiGH.*(n = 6, 7) are presumed to be a start species for

SiCH,* (n= 0-5) ions near the Si(2p) threshold may be process the consecutive kelimination processes.

13. According to the PIPICO spectrum (Figure 7), one can
suggest that the dissociation pathways of the core-excited DMS
lead to the formations of the observed ions. Scheme 1 outlines
the plausible dissociative ionization processes of DMS, on the
basis of the PIPICO measurements.

H,Si(CH,),”" — H" + SiCH,"(n=0-5) + NP (13)

This dissociation behavior near the threshold is contrasted with
the behavior of the valence shell region as shown in reaction 1.
Specifically, dissociation channel leading to the formation of :
the SiCH* is found to be process 14 (Figure 7). Conclusions
Fragmentation processes following valence and Si(2p) core
sti((;H3)22+ — CH3+ + SiCH3+ + NP (14) electron excitation/ionization of 4$i(CHs), have been inves-
tigated in the range of 24133 eV by means of the PEPICO
Also, the triple ionization followed by dissociation (process and PIPICO techniques coupled to synchrotron radiation. In the
15) can account for the formation of SigH valence ionization region, specialy< 30 eV, eliminations of
H, Ho, CH3, CH4 (or H+ CH3), and CH; + H> (or H+ CH4)
H,Si(CH,),*" —H" + CH," + SiCH," +H (15)  are observed predominantly leading to the formation of SiCH
(n = 3-5) and SiGH,* (n = 6, 7). Both the total photoion-
because any ion pair from the three product ions is clearly ization and PIPICO yield curves of,8i(CHs), have revealed
observed in the PIPICO spectra (Figure 7). significant features below the Si(2p) threshotd {03.4 eV).
SiC;Hyt (n = 0—7) Channel. As seen in Figure 3, the  The HF/6-313-+G(2df,p) orbital energy calculation indicates
SiCH," ions appear in the two TOF regions. One is for the that the energy corresponds to the Si(@pto-o(1A.)* transi-
smallern (around 1), and the other is for largeraround 7). tion. Around this energy, the Hintensity reaches a maximum,
We presume that the ions with smalleare formed via core and the PIPICO intensities corresponding to H SiC,H," (n
excitation followed by consecutive eliminations of molecular = 0—2,p = 0—7) are greatly enhanced, revealing that the bond-
and/or atomic hydrogen, and that those with the largare selective dissociation processes involving theSibonds occur.
produced in the off-resonance valence ionization region. Com- Above the threshold, we observe a small feature in the total
paring the ions detected in the PIPICO mode with those in the ion yield curve, which may correspond to a shape resonance
PEPICO mode, we found that the ions 8zt (n > 3) are near 107.6 eV, and also a slow rise above 109 eV assigned to
absent in the PIPICO spectra (Figures 7 and 8), in contrast witha delayed onset phenomena and/or to photoionization shake-
their existence in the PEPICO spectra, as seen in Figures 3 anaff. In this region, the coincident ion pair formation of™H
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CH,™ (n= 0-3) prevails, indicating that the possibility of triple
ionization followed by molecular fragmentation is greatly
enhanced.
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