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ABSTRACT Infrared (IR) multiphoton absorption and dissoci-
ation of difluorosilane molecules under the action of a pulsed
transversely excited atmospheric CO2 laser were experimen-
tally studied. It has been found that the multiphoton absorp-
tion is strongly saturated due to the rotational bottleneck ef-
fect. Isotope-selective IR multiphoton dissociation of difluorosi-
lane was performed at 977.2 cm−1. The dissociation rate for
28SiH2F2 isotopomer has been found to be about twice as high
as for the other isotopomers at this wavelength.

PACS 82.50.Bc; 82.30.Lp

1 Introduction

In the past few years the interest in isotopically
pure silicon materials has been growing in the world. It arises
from prospects of application of these materials for semicon-
ductor technology. For example, it was shown that the thermal
conductivity and the electric conductivity in 28Si isotopically
pure monocrystals are much higher compared to those with
natural isotope composition [1, 2]. This fact might be required
in particular for creating more powerful computer processors
even today.

Silicon has three stable isotopes with the natural compo-
sition: 92.22% (28Si) : 4.69% (29Si) : 3.09% (30Si) [9]. Sepa-
ration of Si isotopes by means of infrared laser radiation had
been studied in [3–8]. Except for the earliest demonstrations
in which the isotope-selective infrared multiphoton dissocia-
tion (IR MPD) of SiF4 [3] and the isotope-selective reaction of
bromination of vibrationally excited silane [4] were studied,
all the other works studied IR MPD of the species Si2F6 [5–9].
Kamioka et al. [5, 6] reported the IR MPD of Si2F6 molecules
induced by CO2-laser radiation with high dissociation effi-
ciency and high isotope selectivity. High dissociation yield
had been reached with mild radiation fluences lower than
1 J/cm2. The dissociation products were stable molecules
(SiF4) and low-active radicals (SiF2). The isotope composi-
tion of the SiF4 product varied depending on the wavelength
of the CO2-laser radiation. The maximum isotope content of
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30Si in SiF4 was nearly 50%, and for 29Si it was about 12%. It
was demonstrated in these works that the isotope-selective IR
MPD of the Si2F6 molecules can be the basis for the techno-
logical process of silicon-isotope separation with productivity
of several grams per hour of the dissociation products en-
riched by 33% of 30Si.

Despite such impressive results, it is not evident that Si2F6

might be considered as the best object for silicon-isotope sep-
aration by IR MPD. The molecule contains two Si atoms and
the rear isotopes are contained mostly in ‘isotopically mixed’
molecules such as F3

28Si−29SiF3 and F3
28Si−30SiF3 . This

fact limits the isotopic effect since during the dissociation
of such ‘isotopically mixed’ molecules, the 28Si isotope and
the rear one, (29Si or 30Si), would pass into products equally.
Let us note that, in the experiments reported in [5, 6], this
limit for the 30Si-isotope enrichment was reached. Besides,
the isotopic shift of the molecular vibrational frequencies in
the ‘isotopically mixed’ molecules should be less than that in
the ‘isotopically pure’ molecules.

The above arguments set the problem of searching for
molecules containing only one silicon atom and which are at
least as effective for isotope-selective IR MPD as Si2F6. To
solve this problem, the systematic quantitative experimental
investigation of the IR multiphoton absorption (IR MPA) and
IR MPD of molecules with only one silicon atom is necessary.

The present paper describes the experimental investiga-
tion of the main features of the IR MPA and IR MPD of the
species SiH2F2 under the action of a CO2 laser.

2 Experiment

As a source of IR radiation, a home-made pulsed
transversely excited atmospheric CO2 laser was used. The
maximum laser output energy was about 1 J per pulse and
the maximum pulse-repetition rate was 1 Hz. The laser-beam
cross section was about 1×2.5 cm2 and the divergence was
about 0.5 ×10−3 rad. Almost all experimental data have been
obtained with a uniform laser beam. Two confocal lenses
with focal lengths of 58 cm and 29 cm were used to increase
the laser-radiation energy fluence. To decrease the fluence
significantly, a set of parallel-sided CaF2 plates was used.
For smooth variation of the fluence, a silicon parallel-sided
plate was used. The plate transmission could vary from about
100%, when the incident angle was about 76◦, down to 60%
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at the normal incidence of the laser beam. The laser beam was
collimated at the input of the reaction cell by an orifice of
4.5-mm diameter.

All the experiments were performed in batch-cell condi-
tions. The reaction cell was a Pyrex-glass cylinder with NaCl
windows. The cell length was 18 cm with a diameter of 3 cm.
The cell had a finger to freeze the cell’s contents in liquid
nitrogen and a thermocouple vacuum gauge to measure the
pressure of non-freezing components of the cell contents.

In front of the input cell window and behind the output
one, two NaCl beam splitters were placed at 45◦ to the laser
beam. They reflected a small part of the laser beam into two
pyroelectric detectors. To eliminate errors due to the laser-
beam spatial non-uniformity, scatter filters were placed in
front of each pyroelectric detector. The output signals from
the detectors were transferred through an analog to digital
converter into the PC. Their ratio was used for measuring low
absorption of the laser radiation in the cell. The experimental
conditions were chosen to cause the absorption in the cell not
to exceed 10%.

The absolute value of the average laser-pulse energy was
controlled by an optical power meter.

The initial sample pressure was controlled by a diaphragm
pressure gauge and was varied within 0.5–1 Torr throughout
all experiments.

The SiF2H2 reduction due to dissociation was controlled
by IR spectra. A Fourier-transform infrared (FTIR) spectrom-
eter (Bruker Vector 22) was used. The total quantitative an-
alysis of gas-phase dissociation products was performed with
a mass spectrometer. The products were SiF4, H2 and SiF3H.
From all the products, only the hydrogen was non-freezing
at the liquid-nitrogen temperature. This fact can be used as
a basis for a quite sensitive and relatively simple method
of measuring the dissociated part of the sample molecules.
After the sample was irradiated by a certain number of laser
pulses, all the reaction-cell contents except H2 were frozen
in the finger by liquid nitrogen. The H2 concentration was
detected by the thermocouple gauge calibrated for H2. In spe-
cial experiments with the FTIR spectrometer, it was checked
that the amount of produced H2 was equal to the amount
of the dissociated sample. The irradiation time was chosen
so that the pressure of the produced H2 would not exceed
100 mTorr.

Difluorosilane was synthesized by the reaction of di-
chlorosilane with SbF3 with the reaction yield of about 80%
and was used after low-temperature distillation. Distilled
SiF2H2 contained 4% of SiF3H as impurity. This impurity ap-
peared to be difficult to eliminate by distillation due to the
small difference of vapor pressures of SiF2H2 and SiF3H.

3 Results and discussion

3.1 Multiphoton absorption in SiF2H2

SiF2H2 molecules have an intensive absorption
band in the spectral region of CO2-laser radiation corres-
ponding to the Si–F antisymmetric stretch vibration ν8 =
981.7 µm−1 [10]. The IR spectrum of this band measured by
the FTIR spectrometer with 1-cm−1 resolution is shown in
Fig. 1. The absorption cross section was calculated from the
measured absorbance, the reaction-cell length and the concen-
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FIGURE 1 Linear absorption spectrum of difluorosilane, 1 Torr, in spec-
tral region of Si–F stretching vibrations. Solid line – absorption cross section,
measured by FTIR spectrometer with 1-cm−1 resolution, squares with verti-
cal lines – measurements of continuous-wave CO2-laser radiation absorption

tration of SiF2H2 molecules. The rotational structure of the
spectrum was not observed at such resolution. The spectral
width of the CO2-laser radiation is less than 0.2 cm−1. There-
fore, the absorption of the laser radiation could be different
from that measured by the FTIR spectrometer. The absorp-
tion cross sections measured for different CO2-laser lines are
shown in Fig. 1 by vertical solid lines. A continuous-wave
CO2 laser was used to avoid saturation of the linear absorp-
tion. The obtained values are close to or even lower than
those measured by the FTIR spectrometer for almost all laser
lines. It was only for 10R(16) and 10R(20) laser lines that the
absorption cross sections were 2–3 times higher than those
measured by the FTIR spectrometer, showing that the rota-
tional structure was not completely eliminated.

The results of the absorption of the pulsed CO2-laser radi-
ation in SiF2H2 are shown in Figs. 2 and 3.

The IR MPA spectrum obtained by tuning the pulsed CO2

laser through the laser lines is shown in Fig. 2. It is smoother
than the linear one as obtained by a continuous-wave CO2
laser and no sharp changes in absorption were observed be-
tween any two neighboring lines.

Figure 3 presents the laser-fluence dependence of 〈n〉 – the
average number of absorbed photons per molecule per pulse
for the 10R(22) CO2 laser line. The dependence could be ap-
proximated as 〈n〉 ∼ Ψ 0.67 in a quite wide range of fluence Ψ .
It is only at fluences higher than 0.3 J/cm2 that 〈n〉 goes lower
than could be predicted by this formula.
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FIGURE 2 CO2-laser radiation energy fluence dependence of IR MPA at
10R(22) CO2-laser line (977.2 cm−1). Dashed line – extrapolated linear ab-
sorption. Sample pressure – 0.9 Torr

FIGURE 3 SiH2F2 IR MPA spectrum at fixed laser fluence of 220 mJ/cm2.
Solid line – linear absorption spectrum. Sample pressure – 0.9 Torr

The dashed line in this figure corresponds to a linear de-
pendence 〈n〉lin = σ0Ψ , where σ0 is the cross section of the
linear absorption (Fig. 1) at the wavelength of the 10R(22)
laser line. The experimental points lie much lower than points
of the extrapolated linear absorption. It means that the lin-
ear absorption is saturated even at radiation fluences less than
10−2 J/cm2. If all the molecules are involved in the absorp-
tion process, the number of absorbed quanta per molecule,
which is necessary to provide the strong saturation, 〈n〉sat,
should be ≥ 0.5. In our case, the saturation occurs when the
average number of absorbed quanta per molecule, 〈n〉exp, does

not exceed 0.05. It unambiguously indicates that only a small
part of the sample molecules interacts with the radiation. This
part is usually called the q-factor [11]. We can estimate q as:
q ≈ 〈n〉exp/〈n〉sat. Hence, at minimum radiation fluence in our
measurements we obtain q ≤ 0.1.

These results strongly differ from the results on IR MPA
of Si2F6 as reported in [12]. In that work it was shown that,
for the Si2F6 molecule, saturation does not occur until 〈n〉 be-
comes higher than at least five quanta per molecule and q to be
close to 1 for this molecule.

Thus, the IR MPA of the SiF2H2 molecules is much
weaker than the IR MPA of the Si2F6 molecules in the spec-
tral region of CO2-laser radiation. The main reason is that the
q-factor, the part of the molecules interacting with radiation,
is small for SiF2H2.

The high efficiency of the IR MPA in Si2F6 in [12] is ex-
plained partly by participation of two- and three-photon tran-
sitions. Besides, as was mentioned in [12], the latter molecule
has four low-frequency vibrational modes, which generate
many low-lying levels significantly populated at room tem-
perature that contribute to absorption.

Let us note that there exists another important factor. For
the efficiency of the IR multiphoton excitation process, of
crucial importance are intramolecular anharmonic couplings
between different vibrational modes in the region of low-lying
vibrational levels [13–15, 36]. The strongest non-linear inter-
actions responsible for the coupling are the third- and fourth-
order anharmonic terms:

Vnonl = 1

3!
∑

αijkqiqjqk + 1

4!
∑

βijkmqiqjqkqm ,

qi being the normal coordinates and αijk and βijkm anharmonic
force constants.

The role of anharmonic coupling of vibrational modes
essentially increases when the frequencies of the vibra-
tional modes hit the resonance conditions νi ± νj ± νk ≈ 0
(three-frequency resonance) and νi ± νj ± νk ± νm ≈ 0 (four-
frequency resonance). If a molecule has enough resonances,
at a certain level of excitation all vibrational modes of the
molecule will be coupled by the ‘chain’ of anharmonic res-
onances [13, 16]. The larger the molecule, the greater the
number of vibrational modes, and the higher the possibility
that they will be coupled by such a ‘chain’ at low vibra-
tional energy. However, there are examples of relatively small
molecules for which almost all vibrational modes are coupled
by such a ‘chain’ at relatively low energy of excitation and
hence are involved in the process of multiphoton absorp-
tion. One of such molecules is CF3I, for which the q-factor
is close to 1 due to effective mode mixing through several
three-frequency resonances [13, 14].

All the possible symmetry-allowed three- and four-
frequency resonances of the normal modes of the SiF2H2
molecule in harmonic approximation and their energy deficits
are given in Table 1.

Table 1 shows that, in the SiF2H2 molecule, the energy
deficits ∆E for all the three-frequency resonances are larger
than 200 cm−1. In contrast, the CF3I molecule has three three-
frequency resonances within a mere 11 cm−1 [13, 14, 17].

There are four four-frequency resonances with relatively
low ∆E in the SiF2H2 molecule, but it is only in ν2 +ν2 −ν8 −
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Symmetry A1 A2 B1 B2
types

Mode ν1 = 2245.7 ν5 = 730 ν6 = 2250.5 ν8 = 981
frequencies, ν2 = 981.7 ν7 = 730 ν9 = 903.4

cm−1 ν3 = 869.6
ν4 = 322

Third-order resonances (∆E < 300 cm−1)

1 ν1 −ν2 −ν2 ∆E = 282.3 cm−1

2 ν1 −ν8 −ν8 ∆E = 283.7 cm−1

3 ν2 −ν3 −ν4 ∆E = −209.9 cm−1

4 ν3 −ν4 −ν4 ∆E = 225.6 cm−1

5 ν8 −ν4 −ν9 ∆E = 244.4 cm−1

Fourth-order resonances (∆E < 40 cm−1)

1 ν2 +ν2 −ν8 −ν8 ∆E = 1.4 cm−1

2 ν2 +ν5 −ν7 −ν8 ∆E = 0.7 cm−1

3 ν2 +ν7 −ν5 −ν8 ∆E = 0.7 cm−1

4 ν6 +ν6 −ν1 −ν1 ∆E = 9.6 cm−1

5 ν1 −ν4 −ν8 −ν8 ∆E = 38.3 cm−1

6 ν1 −ν4 −ν8 −ν9 ∆E = 39.3 cm−1

7 ν2 +ν3 −ν8 −ν9 ∆E = 33.1 cm−1

8 ν2 +ν9 −ν3 −ν8 ∆E = 34.5 cm−1

9 ν3 +ν5 −ν7 −ν9 ∆E = 33.8 cm−1

10 ν3 +ν7 −ν5 −ν9 ∆E = 33.8 cm−1

TABLE 1 Normal-mode frequencies of SiH2F2 molecule from [10] and
possible symmetry-allowed anharmonic resonances of third and fourth orders
with their energy deficits ∆E

ν8 that the pumped mode ν8 is involved. Other four-frequency
resonances require unpumped modes to be initially populated
and should not work.

From this point of view, the SiH2F2 molecule can be char-
acterized as a ‘unlucky’ system, in which occasionally the
number of strong non-linear resonances in the system of low-
lying vibrational levels is not enough for effective ‘chain’
mixing of vibrational modes.

3.2 Multiphoton dissociation of SiH2F2

A few reaction channels are energetically available
for the unimolecular decay of the difluorosilane molecule.

SiH2F2 → SiF2 +H2 ∆H0(298K) = 44 (36.5) kcal/mol

(1)

SiH2F2 → SiHF+HF ∆H0(298 K) = 90 (85.4) kcal/mol
(2)

SiH2F2 → SiHF2 +H ∆H0(298 K) = 99(99) kcal/mol
(3)

The heats of reactions as calculated using heats of forma-
tion for various SiHF compounds were taken from [18]. The
quantum chemical calculation [19] gives slightly different
values for the heats of reactions (in brackets). The rate con-
stant of the SiH2F2 unimolecular decay was measured ex-
perimentally as reported in [20]. The measurements were
performed at the temperatures of 1190–2150 K, and buffer-
gas pressures of 0.25–2 bar, which was within the falloff
region. In [20], the weak-collision falloff calculation was re-
ported in which the dissociation energy E0 was treated as
a fitting parameter. Assuming that log A∞ = 13.5 ± 1, the
value of the threshold E0 = 72 kcal/mol was obtained. Also,

it was about 30 kcal/mol higher than the heat of reaction
of channel (1), but it was still lower than the heats of re-
actions of other channels. Therefore, it was concluded that
the most probable pathway for the unimolecular decompos-
ition of SiF2H2 was channel (1) with the lowest activation
threshold.

SiF2 is a very low activity radical [21–25]. The rate
constant of the reaction of SiF2H2 with H2 at room tem-
perature is lower than 10−17 cm3/s [21, 22]. We performed
the mass-spectrometric analysis of the reaction-cell contents
after 30 min of irradiation. The laser line was 10R(22) and
the initial SiF2H2 pressure was 0.6 Torr. The laser radia-
tion was focused in the cell center by a 9-cm focal length
lens. No disilanes were found in the products, so we as-
sumed that the reaction of SiF2 with SiF2H2 did not take
place under our experimental conditions. According to the
mass-spectrometric analysis, the main final products were
H2 and SiF4. It was mentioned in [5, 6] that SiF2 produced
in the IR MPD of Si2F6 formed polymers on the walls of
the reaction cell. So, we assumed that SiF4 in our experi-
ments was formed in heterogeneous reactions of SiF2 with
the products of previous experiments on the reaction-cell
walls.

The laser radiation energy fluence dependence of the
SiF2H2 MPD probability is shown in Fig. 4. The laser line
was 10R(22) and the experimentally measured value was
a pressure of H2 non-frozen in liquid nitrogen. The MPD
probability β becomes measurable at fluences higher than
0.5 J/cm2 and reaches 3 ×10−3 at about 2 J/cm2. We did not
increase the radiation fluence higher than 2 J/cm2, since it
might be dangerous for the input window of the reaction cell.
Let us mention for comparison that the MPD probability of
Si2F6 reached 0.01 at a CO2-laser energy fluence of about
0.25 J/cm2 [5].

Figure 5 shows the MPD spectrum of SiF2H2 (solid line,
top of Fig. 5), obtained by tuning the CO2-laser radiation over
the rotational lines of the laser. The linear absorption spectrum
of SiF2H2 (0.9 Torr) is shown at the bottom of Fig. 5.
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FIGURE 4 Radiation-fluence dependence of IR MPD probability of diflu-
orosilane at the 10R(22) CO2-laser line (977.2 cm−1)
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FIGURE 5 Top – experimentally measured SiF2H2 IR MPD spectrum at
fixed radiation fluence of 1.2 J/cm2. Sample pressure – 0.9 Torr. Dotted line
– the same spectrum, shifted by 8 cm−1 towards the low-frequency region.
Bottom – linear absorption spectrum of 0.9 Torr SiF2H2 with natural isotopic
abundance; resolution 1 cm−1

3.3 Estimation of q-factor

We can estimate independently the q-factor by
comparing SiF2H2 MPA and MPD results obtained in the ex-
periments as described above. For this estimation we use the
concept of a bimodal energy distribution, formed in the IR
multiphoton excitation process.

According to this concept, during the irradiation of
molecules with intense IR laser radiation, two molecular en-
sembles are formed: one, which interacts with radiation – a
‘hot’ ensemble, and the second, which does not interact with
radiation – a ‘cold’ ensemble [26]. The energy distribution of
the molecules can be written as:

N(Eν) = (1 −q)F0(Eν)+qF1(Eν) , (4)

where q is the part of the ‘hot’ molecules and F0(Eν) and
F1(Eν) are the energy distribution functions for the ‘cold’
and ‘hot’ molecular ensembles correspondingly. The distribu-
tion function of the ‘cold’ ensemble is close to the Boltzmann
distribution with a vibrational temperature close to room tem-
perature T0 = 300 K [27]. For the ‘hot’ ensemble, the distri-
bution is not known. For simplicity, we shall assume that the
‘hot’ ensemble is also characterized by the Bolzmann distri-
bution with a temperature T1.

Next, we assume that if the molecule has a vibrational en-
ergy higher than the dissociation threshold E0 = 72 kcal/mol,
it dissociates. Also, we assume that the mean excitation en-
ergy of the molecules in the ‘hot ensemble’ is significantly
lower than the dissociation energy E0 under our experimental

conditions. So, only the molecules in the ‘very tail’ of the dis-
tribution dissociate, and the dissociation does not significantly
perturb the population distribution.

Then, we can express the experimentally measured param-
eters β(Ψ) and 〈n〉 (Ψ ) via the distribution parameters q and T1

as follows:

β(Ψ) = qWE>E0(T1) , (5)

〈n〉(Ψ) = q〈nq(T1)〉 , (6)

where WE>E0 (T1) is the probability that at the given tempera-
ture the molecule has an energy higher than the dissociation
energy, 〈nq〉 is the average number of absorbed photons per
molecule in the ‘hot’ ensemble, 〈nq 〉 = 〈Eν(T1)〉/hν, 〈Eν(T1)〉
is the average vibrational energy of the molecules at the given
temperature T1 and hν is the CO2-laser photon energy.

WE>E0(T1) was calculated by numeric integration of the
distribution function. The density of vibrational states was
calculated using Whitten–Rabinovitch formulae [28] and fre-
quencies of vibrational modes of difluorosilane [10]. The vi-
brational energy 〈Eν(T1)〉 was calculated using the formula
for internal energy in harmonic approximation [29]. Calcu-
lated dependences of WE>E0 (T1) and 〈nq(T1)〉 on temperature
T1 are shown in Fig. 6.

Formulae (5) and (6) allow for independent determin-
ation of the parameters q and T1 from the experimentally
measured β(Ψ) and 〈n〉(Ψ). Unfortunately, in our experiments
β(Ψ) and 〈n〉(Ψ) were measured mostly at different Ψ . Only
at Ψ = 0.5 J/cm2 were both parameters measured (Figs. 2
and 4). At this radiation energy fluence we obtain q = 0.15 and
T1 = 1600 K.

Above we assumed that the molecular distribution in the
‘hot’ ensemble was of Boltzmann type. The actual molecular
energy distribution formed in the process of multiphoton ex-
citation might be different [30–33]. Qualitatively, we could
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expect that such a ‘real’ distribution should be narrower and
should have a shorter high-energy tail as compared to the
Boltzmann distribution for the same mean excitation energy.
This conclusion follows from the data available in the litera-
ture [14, 30, 34–37]. One of the examples of indirect evidence
for a shorter tail is the threshold behavior of the radiation-
fluence dependence of the IR MPD yield, typical for almost
all studied molecules [30, 36]. In general, since the Boltzmann
form of energy distribution corresponds to the maximum en-
tropy distribution of vibrational energy following multipho-
ton excitation [38, 39], it should be the broadest possible one
for any given mean excitation [39].

Let us consider the equation set (5) and (6) for such a ‘real’
distribution with the fitting parameters q and 〈nq〉. Let us men-
tion again that we assume that the average excitation energy
is much lower than the dissociation energy E0. We can ex-
pect the value W(E > E0) from (6) to be smaller for the ‘real’
distribution than that for the Boltzmann distribution for the
same mean excitation level 〈nq〉. Hence, the parameter set q
and 〈nq〉, which fits the equation set (5) and (6) in the case
of the Boltzmann energy distribution, cannot fit it in the case
of the ‘real’ energy distribution. Since the tail of this distri-
bution drops even more sharply than that of the Boltzmann
one, we cannot fit the equation set (5) and (6) by decreasing
〈nq〉. We can fit this equation set only by increasing 〈nq〉. In
this case, q should become lower than that calculated for the
Boltzmann energy distribution (from (5)). Hence, the estima-
tion of q with the Boltzmann energy distribution gives us the
upper limit of q.

To illustrate the above considerations, we have solved the
equation set (5) and (6) and have found the parameters q and
〈nq〉, assuming the population distribution in the ‘hot’ ensem-
ble to be of Poisson type Pn = ((〈nq〉)n/n!)e−〈nq〉 [39], where
Pn is the probability for finding an energy equivalent to n
photons of fixed energy hν in the molecules of the ‘hot’ en-
semble, and 〈nq〉 represents the mean excitation level in the
‘hot’ ensemble. We have chosen this distribution function,
since it is narrower than the Boltzmann one and has a shorter
high-energy tail. Besides, there are some theoretical works
in which the general conclusion was made that the distri-
bution in the ‘hot’ ensemble should be close to the Poisson
type [30, 36, 39].

The parameter 〈nq〉 was found to be about 10 quanta per
molecule, and q was found to be about 0.1 for the Poisson en-
ergy distribution in the ‘hot’ molecular ensemble (by compar-
ison, for the Boltzmann distribution 〈nq〉 ≈ 6 and q ≈ 0.15).

Taking into account that the model is essentially rough,
we consider that this value of q is in good agreement with the
estimation q < 0.1 obtained earlier (Sect. 3.1).

3.4 Isotope-selective MPD of SiF2H2

Since the MPD yield of difluorosilane was low, the
process does not seem to be interesting as a base for techno-
logical application. So, we did not perform a detailed investi-
gation of the Si-isotope-selective MPD of difluorosilane.

We could not find in the literature any experimental data
on the vibrational frequencies of SiF2H2 molecules with iso-
topes 29Si and 30Si. For a rough estimation of the isotopic
shift of the Si–F antisymmetric vibrational frequency, semi-

empirical geometry and frequency calculations were per-
formed with GAMESS [40] using the PM3 method. The esti-
mated isotopic shift for this vibrational frequency appeared to
be about 8 cm−1 for the 29SiF2H2 isotopomer.

We assumed that the MPD spectrum for 29SiH2F2 is the
same as for 28SiH2F2 but shifted towards low frequencies by
8 cm−1. This spectrum is shown in Fig. 5 by the dashed line.
Based on the figure, the MPD spectra of different isotopomers
overlap only partially, so that the possibility of performing Si-
isotope-selective MPD exists.

The isotope composition was determined from mass-
spectrometric analysis of SiF2H2 remaining after irradiation.
It requires the largest part of the initial sample to be disso-
ciated. We can reach the dissociation depth of only about
10%–15% in a few hours in experiments with a uniform laser
beam. So, the MPD isotope selectivity measurements were
performed in a focused beam, using a 9-cm focal length lens.
After 2000 pulses, 30%–60% of SiF2H2 was dissociated.

Experiments were done for two laser lines, namely
10R(22) (977.2 cm−1 ) and 10R(12) (970.55 cm−1). After
irradiation, the concentrations of the remaining 28SiH2F2,
30SiH2F2 and 29SiH2F2 were measured by a mass spectrom-
eter, and for each component the relative dissociation depth
was calculated as ln(ci

0/ci), where ci
0 is the initial concentra-

tion of isotopomer iSiF2H2, and ci is its final concentration.
The dependence of the relative dissociation rate on irradiation
time for the 10R(22) laser line is shown in Fig. 7. One can see
that 28SiH2F2 decomposes at this wavelength about two times
faster than both 30SiH2F2 and 29SiH2F2. Let us note that such
a ratio of dissociation rates at this wavelength can be predicted
from Fig. 5.

In the experiment with the 10R(12) laser line, we did not
observe any isotope effect within error limits of 20%. The

FIGURE 7 Dependence of the MPD rate of SiH2F2 molecules, contain-
ing different Si isotopes, on irradiation time at the 10R(22) CO2-laser line
(977.2 cm−1) in focused laser beam



GORELIK et al. Infrared multiphoton dissociation of difluorosilane 125

reason may be that the experiments were performed in the fo-
cused laser beam, and the MPD spectra became different as
compared to those in Fig. 5 where they were obtained with the
uniform laser beam.

4 Conclusion

The main conclusion of this work is that in the pro-
cess of IR multiphoton excitation of the SiF2H2 molecules
with the pulsed CO2-laser radiation only a small part of the
molecules interacts with the radiation due to the rotational
bottleneck effect. This part was estimated as about 10%.
Therefore, only less than 1% of the molecules can be excited
up to the dissociation energy at appropriate radiation fluences
(< 2 J/cm2).

The IR MPD spectrum of the difluorosilane molecule is
quite narrow compared to the isotopic shift; so, the possibility
of isotope-selective MPD exists.

This result, obtained for difluorosilane, could be gener-
alized for almost all the molecules with as small a num-
ber of atoms as difluorosilane. Exceptions could be only the
molecules with the same feature as CF3I that ‘fortunately’ has
several strong anharmonic resonances coupling almost all vi-
brational modes even at very low vibrational energy.

In other cases, to avoid the rotational bottleneck, one has to
choose the molecule with essentially a large number of atoms
as the object for isotope-selective multiphoton dissociation.
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