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The photodissociation processes that follow the photolysis of phenylsilane with a narrow band laser at
212.5 nm were studied by observing photofragment fluorescence spectra in the 200 to 900 nm range.
Emission from several excited states of Si atoms was detected together with emissions from the molecular
fragments SiH(A2A) and C2(d3I-[). Si and Sill emissions show a quadratic dependence with laser energy
whereas dependence for C2 emission is cubic, indicating the participation of two and three photon
processes in the formation of the respective fragments. The emission spectra of the molecular fragments
provides information about their internal energy content and allows discussion of the possible channels
responsible for the appearance of those fragments.
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INTRODUCTION

The photodissociation processes of phenylsilane, PhSiH3, have recently received
much attention partly because this molecule has shown to be a good precursor for
silicon film formation by CVD processes,x- 3 Therefore considerable effort is being
dedicated to understand the role of intermediates in the production of Si atoms and
other molecular fragments, and to investigate the possibility of inducing specific
photodissociation pathways in the molecule by varying the nature of the initial
excitation or the energy of the photon. Despite this effort, information about the
exact photofragmentation processes of PhSiH3 in the gas phase, and their depend-
ence with the type and content of the initial excitation, is rather scarce with previous
studies concentrating in the IR region1- 3 and at several wavelengths in the UV
below 380 nm.4-a The UV absorption spectrum of the PhSiHa molecule shows
three absorption regions which correspond to the excitation from the ground 1Ag
state to the XB2u, XBxu and XE1, states named after the benzene nomenclature (D6h
symmetry). These states are referred in the literature as the S,$2 and Sa singlet
states respectively.9 Product studies of the photolysis of phenylsilane at 193 nm,5’6

which correspond to initial excitation of the Sa state, indicate two primary photo-
chemical dissociation channels: formation of benzene and silylene and formation of
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hydrogen and phenylsilylene, the latter being about six times more important than
the former:

PhSiHa > Sill2 + Phil (1)

> H2 + PhSiH (2)

Ishikawa and Kajimoto7 have studied the fragment energy distribution in the
photolysis of phenylsilane at 248 and 193 nm; absorption at these two wavelengths
promotes the molecule to the $1 and Sa excited states respectively. In their work
these authors explain the differences between the LIF excitation spectra of the Sill2
fragment from the difference in the total amount of excess energy at both
wavelengths. Although differences in the distribution of energy in fragments pro-
duced in the multiphoton dissociation process were not considered, they concluded
that the photolysis mechanism is the same at both wavelengths and operates
through internal conversion from the initially excited singlet state to the ground
state followed by dissociation. Recent thermal decomposition studies of phenylsilane
support the latter conclusion,x In order to get more insigt into the mechanisms
that govern the UV photodissociation of the phenylsilane molecule, in the present
work we have studied the photodissociation of phenylsilane following excitation of
the molecule to its second excited singlet state $2. Hence phenylsilane was photo-
lyzed with a narrow band laser at the wavelength of 212.5 nm and the resulting
photofragment fluorescence spectra were recorded in the spectral region from 200 to
900 nm.

EXPERIMENTAL

The experimental set up has ben described in a recent publication 11 and a short
summary will be given here. The photolysis radiation was obtained by frequency
doubling the output of a narrow band dye laser pumped by a XeC1 excimer laser.
The dye laser operating with Stilbene 3 dye is frequency doubled in a BBO crystal
delivering typically 0.2 mJ of radiation at 212.5 nm with a bandwidth of 0.4 cm-1.
The laser beam was focused with a quartz lens of 16 cm focal length at the center of
a glass cell fitted with quartz windows which contained the flowing vapour samples.
hotofragment fluorescence spectra were recorded with a 0.5 m monochromator (BM
Spektronik) scanned with a step motor interfaced through a computer interface
module (Stanford Research Systems SR245) with an IBM compatible personal com-
puter. Light emerging from the exit window of the monochromator was viewed by
an EMI 9816 QB photomultiplier which signal was fed into a gated integrator and
Boxcar averager (SR250) or into a 40 MHz digital oscilloscope (Tektronix 2430A)
interfaced to the aforementioned personal computer for data storage and analysis.

Additional experiments were carried out with a different set up in which a mol-
ecular beam of phenylsilane was photodissociated with an ArF laser at 193 nm.
Details of this experimental system can be found in. 12 In short, samples of
phenylsilane vapour at room temperature were expanded to a vacuum chamber
through a pulsed solenoid valve (General Valve Corporation, 0.05 cm of diameter).
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The output of an ArF excimer laser propagating perpendicularly to the molecular
beam was focused about 1.5 cm below the nozzle; typical laser powers per pulse at
the interaction region with the laser beam were estimated to be around 100 mJ
cm-2. Spontaneous photofragment fluorescence from the interaction region was
collected by a quartz lens, focused at the entrance slit of a 0.5 rn Jarell-Ash mono-
chromator and viewed by a photomultiplier (Hamamatsu R928). The signal from the
photomultiplier was sent to the Boxcar and digitized by an a/d converter built into a
programmable unit which allows control and proper timing of trigger pulses. 13

The fluorescence cell was connected to a glass vacuum system which routinely
operated at a vacuum of 10- Torr. Slow flowing samples of PhSiH3 vapour were
introduced in the cell. Typical pressures, measured directly in the cell with a
capacitance manometer (MKS Baratron 10.3-1 Torr), ranged between 200 and
300 mTorr. In the molecular beam experiments, phenylsilane stagnation pressures of
12 Torr were achieved by keeping the samples at room temperature. Phenylsilane
was purchased from ABCR, its purity, measured by gas chromatography, resulted in
a value of 99.4%.Toluene and benzene purities as specified by the supplier (Prolabo)
were 99.5% and 99.7% respectively. The liquid samples were carefully degassed prior
to use. After several thousands of laser shots, both the windows of the glass cell and
the windows of the molecular beam chamber were stained by a brownish deposit
which had to be cleaned regularly in order to allow a proper propagtion of the
photolysis beam right to the observation region.

RESULTS

Photofragment fluorescence spectra obtained by photodissociation of phenysilane at
212.5 nm were recorded in the 200 to 600 nm range. The spectra were recorded by
measuring the total integrated fluorescence signal using a Boxcar gate width of 5 ms.
The observed emissons were assigned to several atomic lines of silicon, to the
SiH(A2A-X2I-D Av=0 transitions and to the Swan bands of the C2 molecule
corresponding th the D3I-I- a3I-Iu Av- + 1,0,- 1 transitions. As the fluorescence
lifetimes of all the observed species are much shorter than the width of the gate, the
intensity of the emissions can be interpreted as a measure of the relative state
populations of the different fragments. Figure 1 shows the emission spectrum in the
200 to 400 nm region, taken with a resolution of 8 A, with the assigned Si atomic
lines. Emissions from 6 different Si excited states have been identified. Two of
these states are triplets although the multiplet structure of the corresponding
emissions cannot be seen with the present resolution. Due to the low pressures used
in these experiments, not higher than 300 mTorr, time between collisions is a factor
of ten longer than the typical lifetimes of the observed excited Si states. Therefore
the fluorescence yield will not be significantly affected by quenching and the meas-
ured intensities can be correlated with the nascent populations that result from the
photodissociation process. The populations of the Si levels which are the upper
states of the observed transitions can be estimated by using the expression:

N (gu/g)I22/f (3)
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Figure I Si atomic emission spectrum resulting from the 212.5 nm photodissociation of 200 mTorr of
phenylsilane. The spectral resolution is 8 /. The spectrum has been approximately corrected by the
response of the detection system.

where gu and gl are the degeneracies of the upper and lower level of the atomic
transition respectively, I the measured intensity and 2 and f the wavelength and
oscillator strength of the transition. Values for 2 and f have been taken from the
literature. 14 An idea of the relative importance of the singlet to triplet Si
emissions can be obtained by comparing the intensities of the singlet line
4slP-3pD2 at 288.1 nm and the triplet line 4saP-3paP at 251.6 nm. As a
result of the comparison the population of the 4saP state is around 1.5 times higher
than the population of the 4sP state. Lines observed at 263.1 and 212.4 nm
correspond to 3dP-3P1So and 3dFa-3pD2 transitions respectively. The latter
is around two times less intense than the former resulting in similar values of the
population of the two corresponding upper states 3dF and 3dP. Another inter-
esting feature of the Si emission spectrum in this experiment is the intensity of the
singlet line at 243.5 nm, which is higher than all other singlet emissions. This
appears in marked contrast with observations performed in the photolysis of
phenylsilane at 193 nma which results in a weak 243.5 nm line. In order to clarify
the origin of this emission its intensity was monitored as the photolysis wavelength
was tuned from 212.3 to 212.5 nm. No appreciable variation was found, ruling out
the participation of a resonant absorption process involving a Si(3plD2) atom.

In the region between 400 and 430 nm a strong emission corresponding to the
A2A-XEII Av--0 band of the Sill fragment was observed. The spectrum in this
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region was taken with a resolution of 5 , and it is shown in Figure 2. When
recording the spectrum a 320 nm cutoff filter (Hoya UV32) was placed in front of
the entrance slit of the monochromator to avoid the presence of second order
diffraction of the Si atomic lines. The rovibrational population distributions, which
are responsible for the observed spectra, were estimated by using a computer pro-
gram based on a truncated singular value decomposition method. 15 The program
uses reported molecular constants and transition energies which are available from
the literature. 16-9 The ratio of vibrational populations retrieved by the algorithm
is Nv,__l/qv,__0 0.6 _+ 0.1 and the average vibrational and rotational energies
appearing on the SiH(A2A) photofragment, calculated from the obtained rovibra-
tional popultion distributions are 580 +__ 120 cm- and 2020 + 400 cm- respective-
ly. The corresponding calculated spectrum is also shown in Figure 2. In order
to compare these results with those reported in the literature for the photodissoci-
ation of phenylsilane at 193 nm,8 we repeated the experiment at 193 nm and
analyzed the obtained SiH(A2A-X2I-I) emission with the algorithm mentioned
above. The obtained ratio of vibrational populations Nv,__l/Nv,__0 is 0.9 __+ 0.1 in good
agreement with the value reported by previous authors. The average vibrational and
rotational energies appearing on the Sill (A2A) photofragment are 790 __+ 160 and

R R1 R2i

4070 4110 4150 4190 4230 4270
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Figure2 $iH(AA--XI-I Av=0 photofragment fluorescence spectrum obtained by photolysis of
phenylsilane with a resolution of 5 A. a) Experimental spectrum taken in a flowing sample of 300 mTorr
of phenylsilane, b) Calculated spectrum with the corresponding ratio of vibrational populations and
average vibrational and rotational energies.
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2130 +__ 400 cm-x respectively. These values are higher than those obtained at the
dissociation wavelength of 212.5 nm, reflecting the increase of available energy at
193 nm.

In the region above 420 nm C.(d3VI-a31-I,)Av + 1,0,- 1 Swan bands were
observed at 470, 515 and 560 nm respectively, their intensity being ten times lower
than the intensity of the Sill emission. Figure 3 shows the spectrum of the Av + 1
Swan band with the assigned vibrational transitions taken with a resolution of 8 .
Emissions from up to v’= 6 were assigned by using spectroscopic data available in
the literature." The rovibrational populations which give rise to the observed
spectrum were estimated by applying the algorithm mentioned earlierx5 to the
band sequence Av + 1. The relative values for the vibrational populations of v’= 1
to 6 levels are estimated in 1.0/0.8/0.7/0.5/0.4/0.3, which results in an average vibrational
energy of 4800 + 900 cm- . Although the resolution of the experimental spectrum is not
high enough to allow the determination of a rotational temperature for each vibrational
level, it is possible to say that Cz(d31--[g) fragments appear with a high content of
rotational energy. The resulting calculated spectrum is also shown in Figure 3.
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Figure 3 C2(daI-I- a I-I,)Av + emission spectrum resulti,ng from the 212.5 nm photodissociation of
phenylsilane. The spectrum was taken with a resolution of 8 A. a) Experimental spectrum obtained in a
flowing sample of 300 mTorr of phenylsilane, b) Calculated spectrum.
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On energy grounds, at least two 212.5 nm photons are required to form all the
observed silicon states and the Sill (A2A) molecule, and three photons are the
minimum energy needed to produce C2(d3I-Ig). The dependence of each photofrag-
ment emission on the laser energy was investigated. Figure 4 shows the obtained
results for Si(3dFa-3pD2),SiH(A2A-X2I-I)Av=0 and C2(d3I-Ig-a31-Iu)Av--
/ 1 emissions measured at 212.4, 414.0 and 465.0 nm respectively. The slope of the
linear regression for the atomic emission is 1.8 +_ 0.2 which indicates a quadratic
dependence on laser energy; all other observed singlet emissions were found to
display similar behaviour. The regression corresponding to the SiH(A2A) photofrag-
ment has a slope of 2.2 _+ 0.2 also compatible with a quadratic dependence on laser
energy, whereas the slope for C2(daI-[g) emission is 3.4

_
0.3 which corresponds to a

cubic dependence on laser energy. As the observed emissions depend on laser energy
as expected on energy grounds, it is possible to say that optical saturation of any of
the steps participating in the multiphoton process is not taking place. Therefore the
processes of formation of both Si atomic excited states and SiH(A2A) photofragment
involve two laser photons, whereas a three photon mechanism should be invoked
for the production of the C2(d21--Ig) photofragment.
Both atomic Si and molecular SiH(AZA-X21--I) emissions have been reported in

the 193 nm photolysis of phenylsilane. Regarding the C2 fragment, it has been
suggested that C2 molecules might be produced in the IRMPD of phenylsilane

6
1.8 +/-0.2

2.2 +0.2

1.4 1.6 1.8 2.0 2.2 2.4 2.6
Ln (Energy)

Figure 4 Logarithmic plots of the dependence of the observed photofragment emissions, obtained by
212.5 nm photolysis of 300 mTorr of phenylsilane, with laser energy:Si(3dlF-3plD2), Sill
(A2A X21-O Av 0 and C2(dal-’Ig-aaI-Iu)Av + emissions measured at 212.4, 414.0 arid 465.0 nm and
represented by circles, squares and triangles respectively. The slopes of the linear regressions are
1.8 + 0.2, 2.2 +_ 0.2 and 3.4 + 0.3 respectively.
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accounting for the large amounts of carbon incorporated in films deposited from the
photolysis of this compound. We attempted to observe C2 production in the 193 nm
photolysis of phenylsilane with the system previously described but no emission
which could be attributable to the Swan bands was observed. In order to get more
insight into the mechanisms that originate the observed C2 photofragments in the
phenylsilane molecule we studied the photofragment emission resulting from the
photodissociaiton of toluene and benzene at 212.5 nm. Very strong CH(A2A
X2I-DAv--0 and C2(d2l-Ig-aaI-Iu Av + 1,0,- 1 emissions were observed in the
multiphoton dissociation of toluene. Although at the photodissociation wavelength
of our studies the absorption coefficient of toluene is around two times lower than
the corresponding value of phenylsilane,21 the Swan bands in the case of toluene
are around 2.5 times more intense than those observed in phenylsilane. The depend-
ence of this C2(d31-Ig) emission resulting from the photolysis of toluene with laser
energy was measured and found to be cubic as in the case of phenylsilane. On the
other hand photolysis of benzene at 212.5 nm resulted in a weak C2(daI-Ig) emission
around seven times less intense that the corresponding emission of phenylsilane.

In order to confirm that the observed C2(dat-Ig) emissions were not the result of
collisional processes or secondary reactions, their time resolved fluorescence was
recorded; the fluorescence rises in a time limited by the risetime of the oscilloscope
and decays monoexponentially. Decay lifetimes were pressure dependent and when
extrapolated to zero pressure gave values about 100 ns in reasonable agreement
with data reported in the literature.2

DISCUSSION

The possible two and three-photon mechanisms responsible of the appearance of the
observed photofragments are discussed below. The observed Si emission spectrum
shown in Figure 1 gives evidence of a highly selective distribution of population
among the excited Si levels rather different than that observed when a molecular
beam of PhSiHa is photolyzed at 193 nm.8 Collisional deactivation of the excited
parent or intermediate precursors could take place in the cell experiments and could
be responsible for the differences observed with the distribution of Si states observed
in the virtually collision free regime of the molecular beam experiments. However, as
indicated above, in the pressure range of the present cell experiments, time between
collisions is a factor of ten longer than the typical lifetimes of the excited Si levels
making very unlikely the relaxation of the primary population distribution. Excited
Si atoms could be produced by two possible channels: direct fragmentation of a two-
photon excited parent molecule or fragmentation of an intermediate formed in the
one-photon dissociation of PhSiHa, which subsequently has absorbed another
photon prior to dissociation. The differences in the Si state distributions in the 193
and 212.5 nm photolysis would be difficult to explain by invoking the first mechan-
ism via the parent molecule, as at such high levels of excitation a randomization of
the available energy should be expected. In fact the high intensity of the 243.5 nm
emission could be a signature of a process of the second type, involving one-photon
resonant absorption of the laser radiation by an intermediate formed in the
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one-photon dissociation of the parent molecule. As mentioned earlier the two major
channels in the UV photodissociation of PhSiH3 give rise to two different Si con-
taining fragments, namely Sill2 and PHSiH, that have to be considered as possible
intermediates for the origin of the excited Si atoms. Again, differences observed in
the 193 and 212.5 nm processes point out to the participation of a small size
intermediate that would display different absorption features at these two
wavelengths. At the laser wavelength of this study the energy available in process (1)
is 74.2 kcal mol-1.3’9’2 The content of internal energy of the SiH. fragment, as
determined in,8 should be a small fraction of the excess energy. Due to this fact
there is not enough energy to explain the appearance of all the observed excited Si
levels from the one-photon absorption process followed by dissociation of a com-
mon SiH precursor. Alternatively PHSiH radical, formed in process (2) with a high
yield, could also be responsible of some of the Si observed emissions. The observed
Si excited states population distribution could be the result of a process in which the
participation of both intermediates could take place. Nevertheless the presence of
other possible intermediates, such as Sill3 and PHSiH, in the process of excited Si
atom formation cannot be neglected, although their low quantum yield would make
difficult to explain the strong atomic emissions observed in this experiment.

In contrast with the differences observed in the distribution of population among
excited Si atoms, when the molecule is initially prepared in the $2 and $3 states at
212.5 and 193 nm respectively, the distribution of energy in the Sill fragment only
changes slightly, although the experimental conditions at the two wavelengths are
different and cooler distributions could be expected in the case of the molecular
beam experiment at 193 nm. The available energy in the two-photon process in-
creases by 9510 cm-1 when the wavelength goes from 212.5 to 193 nm, but the
fraction of available energy appearing in internal excitation of the Sill fragment,
estimated by means of the spectral simulation, only increases from 10% to 13%,
suggesting the idea that a common mechanism would be responsible of the appear-
ance of the Sill fragment at both wavelengths. This result is similar to what is found
regarding the SiH fragment in the photolysis of phenylsilane at 193 and
248 nm [8].

Production of C(d3I-I,) fragment appears to be a very selective process strongly
dependent of the wavelength of the initial excitation. Similar effect was reported in
the multiphoton dissociation of benzene.3 When photolysis is performed via the
lowest singlet excited state S at 248 nm, emission from C(d31-I,) is detected,
however no measurable radical fluorescence is obtained when photolysis proceeds
via the $3 state at 193 nm. These differences have been discussed2’ in terms of the
relative participaiton in the photodissociation process of the molecular ion and the
neutral fragments. The fact that Swan bands are observed in the multiphoton disso-
ciation of PhSiH3, toluene and benzene at 212.5 nm could be an indication that a
common precursor is participating in the formation of the C fragment.

Although in this work only a small fraction of the overall products are being
monitored by detecting fluorescent photofragments, a few conclusions can be drawn
regarding the multiphoton dissociation process of phenylsilane following initial ex-
citation on the S. and $3 states at 212.5 and 193 nm respectively. These two
processes display some differences which affect the distribution of population of



166 M. OUJJA et al.

atomic Si excited states and the formation of C2(d3I-Xg) radical by a three-photon
process, only observed when PhSiH3 is photolyzed at 212.5 nm. On the contrary,
the content of internal energy of the SiH(A2A), formed in a two-photon process at
both wavelengths, sems to reflect the increase of available energy in the photolysis.
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