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Abstract 

IR multiphoton absorption (IRMPA) in neat SizF6 was measured. The average number of photons absorbed per molecule and the absorption 
cross-sections are reported as a function of fluence for the 10R(12), 10R(22) and 10R(34) CO2 laser lines. IRMPA spectra, given in the 
range from 10R(10) to 10R(38) for three different laser fluences, are discussed and compared with the multiphoton dissociation data. 
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1. Introduction 

IR multiphoton absorption (IRMPA) is the basis for 
understanding the processes taking place during and after the 
interaction of polyatomic molecules with high-intensity IR 
laser photon fields. In particular, the IR multiphoton decom- 
position (IRMPD) of polyatomic molecules will be essen- 
tially dependent on the IRMPA characteristics. Although 
detailed IRMPA studies have been performed for many indi- 
vidual molecules, to our knowledge, no such studies have 
been reported for hexafluorodisilane (Si2F6), a symmetric 
top molecule of interest in Si film deposition and Si isotope 
separation technologies. 

The pulsed radiation of a CO2 laser induces efficient 
IRMPA in the v 7 = 992 cm-  1 [ 1 ] normal mode of Si2F6. The 
subsequent IRMPD has been investigated both as a potential 
method for Si isotope separation [2,3] and as the most effi- 
cient way of generating the SiF2 long-lived radical [4,5]. 
Laser isotope separation of z9si and 3°Si by IRMPD of gas- 
eous Si2F6 has been investigated by Arai and coworkers 
[2,3]. Their parametric study [ 3 ] reported the yield of SiF4 
formation in the MPD of Si2F6 and its dependence on the gas 
pressure, laser excitation frequency and laser fluence. The 
formation of the SiF2 radical in the IRMPD of Si2F 6 and the 
reactions of SiF2 with Br2, NO2 and C2H4 have been inves- 
tigated recently [5] by time-resolved IR diode laser spec- 
troscopy. The simultaneous formation of SiF4 and SiF/ 
confirms that the reaction SizF6 ~ SiF4 + SiF2 is the main 
channel for dissociation. 
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Our study on the vibrational spectroscopy of this molecule 
[ 1 ] yielded improved values for the normal mode frequencies 
and the force field constants. The measurement of the Raman 
active 2v4 *--0 transition allowed us to estimate the torsional 
frequency z:4 = 38 cm- ~ and the barrier to the internal rotation 
V3=510-550 cm - l .  Recently, we also reported the high- 
resolution ~'5 parallel bands [6] and the v7 pe:pendicular 
bands [7] for the major isotopomers of Si2F 6 cooled in a 
supersonic free jet. These studies provided valuable infor- 
mation for the understanding of IRMPA: band origins, rota- 
tional constants, isotopic shifts and Coriolis constants. 

In this paper, we report the IRMPA characteristics of gas- 
eous SizF6 in pulsed CO2 laser photon fields. For the 1 OR (10) 
to 1 OR (38) range of laser lines, we measured the number of 
photons absorbed per molecule and the average IRMPA 
cross- sections as a function of laser fluence. The IRMPA 
spectra, i.e. the number of photons absorbed as a function of 
laser frequency, are reported for three different laser fluences. 
The dependence of the IRMPA parameters on the laser flu- 
ence for individual laser lines is illustrated here only for the 
10R(12), 10R(22) and 10R(34) CO2 laser lines, which are 
representative of the IRMPA process in Si2F 6. The present 
IRMPA data have been correlated with the available spectro- 
scopic and MPD data and a better understanding of the SizF~ 
interaction with pulsed IR radiation has been obtained. 

2. Experimental details 

For the hexafluorodisilane preparation, Si2CI 6 should be 
obtained first, Ferrosilicon (60% Si, 40% Fe) was mixed 
with 2 wt.% of potassium chloride as catalyst. The mixture 
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was maintained at about 160 °C and chlorine gas was passed 
slowly through the reaction tube. The product contained 
about 50% of Si2C16 and was separated by fractional distil- 
lation. 

Hexafluorodisilane was prepared by gently warming 
together Si2CI 6 (6 g), anhydrous antimony fluoride SbF3 (25 
g) and a small amount of SbCI5 ( 1 ml) as catalyst; thus 

Si2CI 6 + 2SbF 3 , Si2F 6 + 2SbC13 

The product was collected in a small glass bulb, and a low- 
temperature distillation was carried out by the bulb to bulb 
method at - 9 0  °C. The final purity of Si2F6 (as checked by 
gas chromatography and Fourier transform IR (FTIR) spec- 
troscopy) was about 98%, the main impurity being SiF4. 

The IRMPA measurements were performed with a Lumon- 
ics 103 CO2 TEA laser operated at 0.3 Hz using an He--CO2- 
N2 mixture of 6 : 1 : 1. The unfocused beam was truncated 
by a 12.4 mm diameter iris and was attenuated by different 
combinations of CaF2 flats. The Si2F 6 gas was contained in a 
cross-shaped cell equipped with four KBr windows. The long 
arm (80 cm) of the cell was illuminated by the CO2 pulsed 
radiation and the short arm ( 10 cm) was used to control the 
gas dissociation by recording the FTIR spectra before and 
after the experiment. A conventional vacuum line (MKS 
Baratron controlled) was used to fill and evacuate the cell 
down to 10 -5 Torr since the gas was extremely moisture 
sensitive. The beam was split into two parts by a CaF2 win- 
dow. The small part of the beam was monitored by a pyroe- 
lectric detector to check the pulse energy during the 
measurements. A second calibrated Gentec pyroelectric 
detector measured, for each fluence value, the pulse energy 
of the main beam both in front of and behind the cell. The 
absorption in the cell windows (the empty cell) was meas- 
ured for eight laser lines distributed over the entire range and 
the average absorbance of the empty cell was estimated. The 
energy values (one value being the average of 20 pulses), 
measured with empty (E~) and filled (El) cells, were used 
to calculate the energy absorbed (Eabs = E~-Ef )  and the 
average n umber of photons ( ( ( n )  ) = Eabs / (Nh ~ ) ) absorbed 
by the N Si2F 6 molecules found in the interaction volume. 
The absorption cross-sections were calculated using 
( ( n ) ) ( O ) = t r ( q b ) O  as in Ref. [8] or the formula 
tr = - I n ( T ) / n l  where n is the molecular density. The two 
values were found to be identical within experimental error 
for the entire range of fluences used in the experiments. 

During the measurements, we carefully checked the influ- 
ence of dissociation on the absorption data. For one laser line, 
the cell was filled once with 0.1 Torr of gas and the absorption 
was measured for increasing values ~o, t/,j, q0 2 .... of laser 
fluence. After obtaining the data for one fixed fluence qb k, we 
measured the absorption again for the lowest fluence qb o, and 
compared it with the absorption obtained initially for the same 
qb o. As the two (average) values will be proportional to the 
number of absorbing molecules in the interaction volume, we 
used their ratio to multiply the absorption data for Ok, hence 
compensating for the influence of dissociation. As a rule, we 

limited the laser fluence to low values so that the correction 
was applied only to the highest fluence points of  the most 
absorbing lines, the rest of the data being, within experimental 
error, unaffected by dissociation. 

The measurement of the average absorption cross-sections 
must involve optically thin cells. As demonstrated in Ref. 
[9], in IRMPA experiments, the absorption cells can be 
regarded as optically thin within 2% error even if as much as 
40% of the incident energy is absorbed. In our experiments, 
the energy absorbed by Si2F 6 ranged from 5% to 35% of the 
total incident energy, so that we applied no correction for the 
intensity of the laser beam within the absorption cell. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

The present data refer to a constant pressure of 0.1 Torr of 
neat Si2F6. For comparison purposes, we represented the 
number of photons absorbed as a function of the normalized 
fluence croO, where tr 0 is the spectroscopic absorption cross- 
section. Since, in the low-fluence region, we must have, to a 
fairly good approximation, a constant cross- section, we cal- 
culated cr 0 as 

d ( ( n ) )  

In practice, we performed a linear least-squares fit of the 
lowest fluence absorption data and calculated tro(v) for all 
laser lines. The average cross-sections obtained in this way 
are represented in Fig. 1, together with the values 0"0(v) 
derived from the FTIR spectrum of the ~'7 band. As the agree- 
ment between the two sets of data is fairly good, in the ca l -  
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Fig. 1. Spectroscopic cross-section o. o as obtained from the ~'7 FTIR spec- 
trum of Si2F6 (cell length, 10 cm; 0.1 Ton') at 2 cm - ~ resolution. The points 
represent the tr o values obtained as described in the text for the CO2 laser 
frequencies used in the IRMPA measurements. 



IA Tosa et al. / Journal of  Photochemistry and Photobiology A: Chemistry. 91 (1995) 173-177 175 

culation of tro@, we used the tro values derived from the 
IRMPA experiments. 

The plots of ( ( n ) )  as a function of o'045 are shown in Fig. 
2 for the 10R(12), 10R(22) and 10R(34) lines. The low- 
fluence data for the three laser lines group around the same 
line with a slope of unity; however, there are also deviations 
from this line. For the 10R(12) line, positive deviations from 
the linearity of ((n>> vs. troqb can be noted as the fluence 
increases. A possible explanation is that, at high fluences, 
absorption takes place through direct n-photon resonance 
processes, namely through processes in which a molecule 
absorbs resonantly n photons. In such a process ( ( n ) )  c~ t/,"; 
however, in an ensemble of molecules, only a small fraction 
will undergo this resonant absorption, namely those initially 
found in favourable vibrational-rotational states. As a result, 
the macroscopic effect observed is only a slight deviation 
from a linear dependence. It should be noted that this stronger 
than linear dependence of ( ( n ) )  on tro@ was observed for 
all the laser lines red shifted from the v7 absorption maxi- 
mum, but the deviation decreased continuously as the laser 
frequency increased towards the v7 maximum. 

As revealed by experiments on many polyatomic mole- 
cules [ 10], when the excitation frequency is close to the 
normal mode frequency, the fluence dependence of ( ( n ) )  
can be written as 

( ( n ) ) ot c19 ~ 

where the power index y takes two limiting values: ( 1 ) for 
low laser fluences, y - 1 ,  thus a linear dependence is 
observed; (2) as the fluence increases, the power index tends 
to the limiting value y =  2/3. The type of dependence cor- 
responds to tro@/q> 1 (case 2) or tro@/q< 1 (case 1), 
where q is the fraction of excited molecules. 

The above rule has been shown in our case for the laser 
lines close to the v7 frequency (see Fig. 1 ). As an example, 
we have chosen the data for the 10R(34) line (Fig. 2). We 
can see that the low-fluence points align on the line with a 
slope of unity, whereas a least-squares fit of the high-fluence 
data yields a slope of 0.62 in the log-log plot. The transition 
from the ~= 1 to y =  2/3 regime takes place gradually as the 
fluence increases; it is observed around 0.01 J cm -2. 

The average absorption cross-sections as a function of laser 
fluence, presented in Fig. 3, coincide with the dependence of 
((n)> on tro~. In particular, a constant cross-section corre- 
sponds to a linear dependence of ( ( n ) )  on tro~, whereas the 
increase in cross-section for the 10R(12) line corresponds to 
positive deviations from linearity. At the same time, the 
( ( n ) )  ot ( o r o ~ )  2/3 dependence corresponds to the trot 
45 -~/3 power law [ 10] which is again exemplified in Fig. 3 
with the 10R(34) data. The same dependence has been found 
by our group for UF6 [ 11 ] in the case of an excitation fre- 
quency slightly red shifted with respect to its v3 fundamental. 

The data presented above for the three laser frequencies 
demonstrate that the same molecule can behave quite differ- 
ently for different excitation wavelengths. 
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Fig. 2. Number  of photons absorbed as a function of the normalized fluence 
t ro~ for the laser lines indicated on the graph. The line has been drawn with 
a nominal  slope of unity (see text for details ). 
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Fig. 3. Si2F6 average IRMPA cross-sections as a function of the laser fluence 
qb for the same laser lines as in Fig. 2. 
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Fig. 4. IRMPA spectra of Si2F 6 for three different laser fluences. The MPD 
yield data of Ref. [2] are also given in arbitrary units for comparison. 

Finally, we present in Fig. 4 the average number of photons 
absorbed per molecule as a function of the laser frequency 
for the following laser fluences: 0.075, 0.15 and 0.23 J cm-  2. 
The spectra were obtained using the ( ( n ) )  = ( ( n ) )  ( 4 )  data 
points for an interpolation around these fluences. We can 
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outline some interesting features of the IRMPA spectra pre- 
sented in Fig. 4. Firstly, the IRMPA maximum is, in all three 
cases, around 983 cm-1, which is red shifted by about 7 
cm-  1 from the 1)7 band maximum (see Fig. 1 ). As expected, 
the mode anharmonicity induces an increase in this shift as 
the laser fluence increases. Secondly, there is a strong 
decrease in IRMPA for laser lines below 970 cm- 1; however, 
as the laser fluence increases, the absorption for these lines 
becomes significant and a new local maximum appears 
around 970 cm-  i. 

It is interesting to compare the IRMPA spectrum obtained 
for 0.23 J cm-2 and 0.1 Torr of Si2F6 with the MPD data 
reported in Ref. [ 2] for 0.25 J cm - 2 and 2 Torr gas pressure. 
For this reason Y28, the relative yield of 28SiF4, is also repre- 
sented in Fig. 4. As can be seen, the two sets of data follow 
the same trend: both the number of photons absorbed and the 
MPD yield of SiF4 exhibit a considerable increase for laser 
frequencies greater than 970 cm-1. In addition, the local 
IRMPA maximum observed in the absorption for the 
10R(12) line is observed in Ref. [2] for the same line. In 
explaining this local maximum, we could assume that the 
leftmost part of the spectrum is influenced by the isotopic 
species present in the sample. However, this assumption must 
be discarded for the following reasons. The major isotopic 
species 28'2SSi2F6 (85.1%) and 28"29Si2F6 (8.6%) have their 
band origins at 992.3 and 988.4 cm-  ~ [7] ; hence we should 
also expect a shift of about 4 cm-  ~ between the successive 
IRMPA maxima of different isotopic species. If the maximum 
at 983 cm-  ~ is assigned to 28'2sSi2F6, then around 971 cm-  1 
we should find the maximum of 29'3°Si2F6. However, this 
species can contribute to the absorption according to its nat- 
ural abundance (0.29%), a contribution which would be 
barely noticeable in Fig. 4. Furthermore, the leftmost peak at 
970 cm-  1 is reproduced by the maximum in the dissociation 
yield of the abundant isotope. 

A more plausible explanation for the origin of the maxima 
observed in the IRMPA spectra in Fig. 4 is that direct multi- 
photon transitions take place in the molecule and enhance the 
IRMPA process. The frequency of such resonances will 
depend mainly on the structure of the higher vibrational levels 
of the ~'7 ladder, but the parameters characterizing this struc- 
ture are unknown. However, the anharmonicity constant of 
the 1)7 ladder can be estimated roughly by the formula [ 12] 

1)72 

X77 = 4Dsi_r: 

the presence of multiphoton resonances in our spectra. Two- 
and three-photon resonances have also been observed in the 
IRMPA spectra of other polyatomic molecules (for a review, 
see Ref. [ 15] ). 

The above arguments advance the idea that, at least in the 
1)7 mode, the anharmonicities are large. On the other hand, 
the small change in tr with qb (see Fig. 3) points to a small 
anharmonicity. To our knowledge, the only mechanism pro- 
posed to explain a nearly linear absorption in spite of a large 
anharmonicity is the cooperation between rotational compen- 
sation and anharmonic splitting, advanced by Fuss and 
Kompa [ 16] and developed for symmetric tops. For Si2F6, 
the distribution of molecules on the rotational levels of the 
initial vibrational levels is particularly broad: for example, 
the maximum of this distribution for the ground state is 
around J = 60. In the 1)7 ladder of states, we have the usual 
An = + 1 and A J =  0, + 1 transition rules; only AK = -t- 1 
transitions are allowed for the ~7 fundamental; however, for 
higher vibrational states, both AK= + 1 and AK=O are 

allowed. In these conditions, the total number of states 
involved in the multiphoton process rapidly increases with n, 
and the rotational compensation of the anharmonicity is 
expected to play a central role. Anharmonic and Coriolis 
splittings are also expected to generate additional paths for 
excitation and thus to enhance the overall absorption cross- 
sections. 

At this point we should stress another important fact: in 
our experimental conditions (static cell, room temperature), 
the IRMPA process in Si2F6 results from many contributions. 
The low-frequency normal modes Vg= 153, 1)12 = 202 and 
1)3 = 218 era- t and, especially, the torsional mode at 1)4 = 38 
cm-  1 will generate many low-lying vibrational-torsional lev- 
els with significant populations. A simple calculation shows 
that, at room temperature, the ground state population is 
0.40%, while the 1)4, 1)9, v12 and v3 populations are 0.34%, 
0.16%, 0.14% and 0.12% respectively. Hot-band multipho- 
ton transitions, such as v4 ~ 1)4 + v7 ~ v4 + 2 1 )  7 ~ . . .  have a 
sizeable contribution to the observed absorption; thus it is 
reasonable to assume that the red shift observed is partly due 
to these hot-band transitions. It should be noted that the hot- 
band contribution is clearly present in the t, 7 spectrum: the 
maximum of the band (see Fig. 1) is at 990 cm-~, while the 
most prominent peak of jet-cooled Si2F6 is RQo at 992.3 cm-  
[ 7 ]. A computer calculation of the 1)7 band profile at 300 K, 
neglecting the hot-band contributions, yields a maximum at 
992.2 cm-  1. 

where Dsi_ F is the dissociation energy of  the Si-F bond. We 
find X77 = 3 cm-  i (for Dsi_v = 139 kcal mol - z [ 13 ] ) and 
X77=5 cm -1 (for Dsi_F=222 kcal mol - I  [14]) .  For the 
simple anharmonic oscillator approximation and neglecting 
the rotational structure, the frequency of an n-photon reso- 
nance is shifted with respect to the fundamental by //X77, 
which means that in the region around 983 cm-  ~ we have the 
frequency of two- or three-photon resonances. This result is 
highly simplified, however, it supports the assumption about 

4. Conclusions 

To summarize, we have performed a study of the IRMPA 
in Si2F6. The number of photons absorbed per molecule and 
the average cross-sections were measured in this spectral 
region. The general behaviour, valid for many polyatomic 
molecules, has also been found for Si2F6, as far as the IRMPA 
dependence on the laser fluence is concerned. The depend- 
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ence on the laser f requency reveals  a large anharmonic  shift 

in the I R M P A  maxima ,  which is a combined  effect  of  the v7 

mode  anharmonic i ty  and the hot- band contr ibut ions to the 

absorption,  A c lose  corre la t ion be tween  the I R M P A  and pre- 

v ious  M P D  spectra has been found and a better  unders tanding 

of  these two processes  has been obtained.  
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