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We use mass-resolved 2+2 resonantly enhanced multiphoton ionization (REMPI) of silicon atoms to detect
isotopically selective infrared multiphoton dissociation (IRMPD) of both ground-state and vibrationally pre-
excited SiH4. To demonstrate that the detection scheme provides a faithful monitor of the isotopic composition
of the primary dissociation products, this approach was first tested on the products generated by both IRMPD
and UV photodissociation of phenylsilane. It was then employed to evaluate the degree of isotopic enrichment
achieved by IRMPD of ground-state silane using an ammonia laser for dissociation. In a second type of
experiment, silane molecules are pre-excited to the first overtone of the Si-H stretch, and then dissociated
selectively with the ammonia laser. We find that pre-excitation increases the dissociation cross section by a
factor of 230. Tuning the overtone pre-excitation laser while collecting the mass-resolved silicon ion signal
generates an overtone excitation spectrum of SiH4 that is sorted by the silicon isotope. Certain combinations
of overtone pre-excitation and ammonia laser dissociation frequencies lead to a high level of isotopic enrichment
in the dissociation products:>99% in 28Si or 29Si, and>96% in 30Si. We evaluate the practicality of an
overtone-pre-excitation/IRMPD scheme for silicon isotope separation on a macroscopic scale.

I. Introduction

The recent measurement of substantially increased thermal
conductivity of silicon1,2 upon isotopic purification suggests the
possibility of using isotopically pure materials to enhance the
performance of semiconductor devices. Producing isotopically
pure semiconductors is, however, currently limited by the high
cost of isotopic enrichment. The development of economically
feasible approaches for isotopic enrichment of these materials
would facilitate exploring their potential in practical devices.
The method of Molecular Laser Isotope Separation (MLIS)
using infrared multiphoton dissociation (IRMPD) has shown
some promise for laboratory-scale separation of silicon isotopes
using Si2F6 as a working molecule.3-6 Starting with a sample
of natural isotopic abundance (92.1%28Si, 4.7%29Si, and 3.2%
30Si), Kamioka et al.3 succeeded in enriching SiF4 dissociation
products to 46% in30Si and 6% in29Si, while Noda et al.6

achieved 43.3% and 12.3% for the respective isotopes. Okada
et al.5 reported enrichment of the SiF2 photoproduct of about
20% for both minor isotopes. While this is currently the most
advanced laser-based technique for silicon isotope separation,
this level of enrichment is still far below that required for
electronic applications.

In a recent publication,7 we reported the results of a study of
IRMPD of SiH4 using both CO2 and NH3 lasers.8 The use of
silane as a parent molecule for isotope separation of Si is
attractive, since it is widely employed in the semiconductor
industry. Our study revealed that IRMPD of vibrationally
ground-state silane is inefficient, exhibiting a laser fluence
threshold that is near 17 J/cm2. In contrast, when the molecules
are pre-excited to the first Si-H stretch vibrational overtone
before IRMPD, the dissociation is more efficient and exhibits

lower threshold fluence. We estimate that vibrational pre-
excitation increases the dissociation cross-section by a factor
of 230.7

These observations suggest potential advantages in using an
overtone pre-excitation-IRMPD scheme for silicon isotope
separation in SiH4. In this approach, the pre-excitation laser is
tuned to a Si-H stretch overtone transition of silane, promoting
primarily a single isotopic species to the upper vibrational level.
Following this, a second laser dissociates only the pre-excited
molecules via IRMPD, resulting in dissociation products that
are substantially enriched in the desired silicon isotope. Imple-
mentation of such a scheme for SiH4 is complicated by the lack
of rotational assignments of the first Si-H stretch overtone band
of silane. Moreover, our previous investigations revealed that
efficient IRMPD of vibrationally pre-excited SiH4 using a
particular line of a NH3 laser occurs only if the first laser pre-
excites the molecules to a particular rotational state.7 We
attribute this selectivity to the requirement that the first few
steps of IRMPD be nearly resonant with the frequency of the
NH3 laser when the dissociating fluence is low. The optimal
dissociating laser frequencies for particular rotational states of
vibrationally pre-excited28SiH4 will not necessarily be the most
efficient for other isotopic species, however. To determine the
feasibility of this two-laser scheme for enrichment of silicon
isotopes, the present work must first assign the rotational
transitions of the first Si-H stretch overtone band for the minor
Si isotopes. In addition, we must find combinations of overtone
pre-excitation frequencies and dissociating frequencies that result
in effective, isotopically selective dissociation of29SiH4 and
30SiH4.

In our previous study, we used LIF detection of SiH2 products
to monitor the dissociation yield of vibrationally pre-excited
silane. Unfortunately, the isotopic shift in the LIF spectra of
different Si isotopes of SiH2 is small and not easily resolved in
our experiment, precluding the assignment of the silane Si-H* Author to whom correspondence should be addressed.

5221J. Phys. Chem. A2002,106,5221-5229

10.1021/jp015609g CCC: $22.00 © 2002 American Chemical Society
Published on Web 05/04/2002



stretch band for the minor isotopes. In the present work, we
overcome this limitation by detecting dissociation products in
a mass-resolved manner. We do this by resonance enhanced
multiphoton ionization (REMPI) detection of Si atoms in a time-
of-flight mass spectrometer (TOF MS). REMPI of silicon atoms
in the presence of SiH4 and its dissociation products has not
been thoroughly studied, and there are some contradictions in
the literature.9,10 In the present work we show that REMPI of
Si can be used for monitoring relative concentrations of different
silicon isotopes in the dissociation products of SiH4. We then
employ this tool to study IRMPD of different isotopic species
of vibrationally pre-excited SiH4 in natural abundance.

II. Experimental Section

Figure 1 shows a schematic energy level diagram for infrared
multiphoton dissociation of vibrationally pre-excited SiH4

combined with REMPI detection of Si. First, an IR laser pulse
at approximately 2.3µm excites the first overtone transition of
the Si-H stretch vibration. A few nanoseconds later, a pulse
from an NH3 laser promotes some fraction of the vibrationally
excited molecules to energies above the dissociation limit via
infrared multiphoton excitation of theν4 bending vibration,
producing mostly SiH2. These nascent SiH2 fragments are
subsequently dissociated by a visible laser pulse to produce
silicon atoms, and if this third pulse is tuned to a REMPI
transition in Si, the latter are ionized by a 2+2 REMPI scheme
and detected in a linear time-of-flight mass spectrometer (TOF
MS).

We use this scheme to obtain two different types of data.
We record mass spectra of silicon atoms from dissociated silane
molecules by fixing the frequencies of the excitation, dissocia-
tion, and ionization lasers while measuring the time-of-flight
of ions corresponding to masses 28, 29, and 30. This allows us
to measure the isotopic composition of dissociation products
for each particular pair of excitation and dissociation frequencies.
In a second type of experiment, we obtain an overtone excitation
spectrum of one particular isotopic species of SiH4 by collecting
the ion signal gated at a particular silicon mass as a function of
the frequency of the overtone excitation laser while keeping
frequencies of the dissociation and probe lasers fixed. Since
we monitor the mass signal of one particular Si isotope only,
we obtain an isotopically “pure” overtone excitation spectrum.
This allows a straightforward assignment of overtone transitions
corresponding to different SiH4 isotopic species.

The experimental apparatus we employ for vibrational
overtone excitation and IR MPD of SiH4 in main has been
described elsewhere.7 To excite the first overtone of the Si-H
stretch vibration in SiH4 (i.e., theν1+ν3 and 2ν3 bands), we

generate 2-4 mJ of infrared radiation around 2.3µm by
difference frequency mixing 100 mJ of the fundamental from a
single-mode Nd:YAG laser with the 50 mJ output from a
narrow-band (0.03 cm-1) Nd:YAG pumped dye laser. A few
nanoseconds later, a microsecond long pulse of 150-250 mJ
from an NH3 laser promotes these pre-excited molecules above
the dissociation limit by IRMPD via the H-Si-H bending
vibration (ν4). About 1µs after the initial laser pulse, a 10 mJ
visible pulse from another Nd:YAG pumped dye laser dissoci-
ates SiH2 fragments and subsequently ionizes the resulting Si
atoms via a [2+2] REMPI process when tuned to the two-photon
4p1P1 r 3p1D2 transition at 487.9 nm in atomic silicon. The
dissociation of SiH2 by the visible pulse to form Si atoms in
the 1D2 state occurs through excitation of the ground-state
silylene fragments to predissociative rovibrational states in the
Ã electronic excited state.11

To help clarify the mechanism of SiH2 dissociation, in some
experiments we employ a second ionization dye laser, tuned to
408 nm, to perform [2+1] REMPI of Si through the 4p3P0 r
3p3P0 transition. In this case, the first ionization laser is detuned
from the REMPI resonance to accomplish only the dissociation
of SiH2, while the second one ionizes the silicon atoms. For
these diagnostic experiments, we generate SiH2 fragments either
by IRMPD of ground-state silane or by UV photolysis of
phenylsilane. In the first case we employ our NH3 laser for
IRMPD, while in the second case we use 10 mJ pulses at 266
nm (4th harmonic of a Nd:YAG laser).

Figure 2 shows the layout of our experiment. The NH3 laser
beam used for IRMPD is focused by anf ) 50 cm ZnSe lens
into the ionization region of a Wiley-McLaren type time-of-
flight mass spectrometer (TOF MS), entering through a NaCl
window. The IR excitation and UV ionization laser beams are
combined on a dichroic mirror (HR at 490 nm, CaF2 substrate)
and enter the chamber through a sapphire window, counter-
propagating with the ammonia laser beam. Anf ) 50 cm CaF2
lens and af ) 50 cm fused silica lens focus the IR and 490 nm
UV beam, respectively, to a common point between the
extraction grids of the mass spectrometer. When the 408 nm
UV beam is used for ionization, the focal length of the fused
silica lens is reduced to 36 cm to compensate the lower pulse
energy at this wavelength and keep the energy fluence at the
focus nearly the same.

Figure 1. Schematic energy level diagram for (a) IRMPD of
vibrationally pre-excited silane, (b) [2+2] REMPI detection of Si atoms
in the 3P or 1D states. Silicon atoms may appear as a direct product
from the IRMPD process or as a result of subsequent photolysis of the
IRMPD products (primarily SiH2) by the ionization laser (see the text).

Figure 2. Optical layout of the experiment. The overtone excitation,
dissociation, and REMPI (photolysis) laser beams are focused and
overlapped with a pulsed molecular jet in the ionization chamber of
the TOF MS.
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In previous experiments7 we have shown that IRMPD of SiH4
is efficient only when the molecules pre-excited to the first Si-H
stretch overtone have rotational quantum numbers in the range
J ) 9-13, depending on the dissociation laser frequency. While
these rotational states are well populated at room temperature,
their population would be negligible in a typical supersonic
molecular beam. To resolve this problem, we have removed
the skimmer separating our source chamber and mass spec-
trometer and introduced a glass tube (Figure 2) of 5 mm internal
diameter and 40 mm length. This tube is attached to the pulsed
valve and conducts molecules from the nozzle to the dissocia-
tion-ionization volume between the accelerating plates of the
TOF MS. The effect of this tube is 2-fold: it disrupts the
supersonic expansion such that the molecules do not efficiently
cool (leaving population in high J states), and it maintains a
reasonably high density of molecules in the ionization region.
Typical pressures during our experiments are 2× 10-6 mbar
in the ionization region and below 5× 10-7 mbar at the detector.
Having a foreign object between the two electrode plates of
the TOF MS unavoidably distorts the homogeneity of the
electrical field between them. In our case, this does not affect
the mass-resolution of our TOF, but deflects photoions away
from the detector. We compensate for this by applying about
300 V on the deflection plates placed in the flight tube of the
TOF.

A microchannel plate (MCP) with subnanosecond response
time detects the photoions at the end of the 62 cm flight tube.
The output signal is first amplified by a 1 GHz preamplifier
(EG&G ORTEC, # 9306) and then sent to a 500 MHz digital
oscilloscope (LeCroy, LC9350C) which averages the flight-time
traces and displays them. The data are transferred to a PC via
a GPIB interface for processing. Under the operating conditions
employed, we achieve a mass-resolution of about 1000. We have
checked the linearity of the detection system by dissociating
phenylsilane with a tightly focused (f ) 150 mm) laser beam
of 1 mJ pulse energy at 266 nm and ionizing both the parent
molecule and the dissociation products with the same laser pulse.
The observed mass spectrum reflects the natural isotopic
abundance of Si isotopes. Moreover, variation of the MCP
voltage does not change the relative ion signals of the different
Si isotopes. This gives us confidence that the detection system
remains linear in the dynamical range of our measurements,
permitting accurate measurements of isotopic enrichment when
we dissociate SiH4.

We run our experiments at 10 Hz repetition rate, which is
determined by that of the NH3 laser. Each point in an overtone
spectrum typically represents an average of 20-30 laser shots;
mass spectra are typically averaged over 1000 shots.

III. Results and Discussion

We first report our results on REMPI of Si atoms created by
IRMPD or UV photolysis of PhSiH3. This serves to characterize
the detection scheme that we subsequently use to study IRMPD
of silane. We then present and discuss our results on IRMPD
of vibrationally ground-state silane, followed by those on silane
molecules that have been pre-excited to the first Si-H stretch
overtone before IRMPD.

A. REMPI Detection. With a threshold of∼20 400 cm-1,
the lowest energy dissociation channel, SiH4 f SiH2 + H2, has
been shown to dominate in thermal decomposition and in
IRMPD of SiH4

12 under collisional conditions. SiH2 fragments
have also been detected by LIF in our previous study of
collision-less IRMPD of silane.7 Small amounts of other
fragments, such as SiH3,13 SiH,14 H2, and H15 have been

identified in silane decomposition under collisional conditions,
and these may also be produced during collisionless IRMPD.
Indeed, a strong IR laser field can excite SiH4 molecules above
the lowest dissociation limit, opening the higher energy SiH4

f SiH3 + H channel at 32 100 cm-1. Moreover, the primary
dissociation product, SiH2, may be further pumped via IRMPD
to form Si + H2 and/or SiH+ H. Because different isotopic
species of some of these fragments have the same masses (e.g.,
30Si and28SiH2), isotopic analysis of the dissociation products,
and hence measurements of the degree of isotopic enrichment,
is difficult. To overcome this problem, we use REMPI of bare
silicon atoms with subsequent detection in a TOF MS. If the
detection laser is resonant with an atomic transition of silicon,
ionization of Si may predominate over nonresonant ionization
of the polyatomic fragments, and the mass spectrum will reflect
the silicon isotopic composition (presuming there is no isotopic
selectivity in the atomic transition, which is discussed below).
If, however, the laser fluence is too high, nonresonant ionization
of molecular fragments may become comparable with atomic
REMPI and the measured mass spectrum will not reflect the
isotopic abundance of the IRMPD products. Thus, our product
detection must be performed under conditions (i.e., wavelength
and fluence of ionizing radiation) that favor REMPI detection
of Si atoms over nonresonant ionization of SiH and SiH2. As a
convenient source of all these fragments we use IRMPD or UV
photolysis of phenylsilane. With the available fluence of
ammonia laser radiation or 266 nm UV radiation, the dissocia-
tion of PhSiH3 is easily saturated, independent of the isotopic
species. This ensures that the isotopic composition of the
dissociation products reflects the natural abundance of Si. As
we show below, this is not the case for SiH4, where IRMPD of
both ground-state and pre-excited silane molecules can be
isotopically selective.

Figure 3 shows a typical REMPI mass spectrum of the
IRMPD products of phenylsilane when the ionization laser is
tuned to the resonance of Si in the1D2 state (487.9 nm). Three
ion peaks in this spectrum at masses 28-30 correspond to the
three Si isotopes. Within the accuracy of our measurements,
which is limited by electrical oscillations of the baseline at
masses 29 and 30 caused by the strong signal at mass 28, the
relative intensities of these peaks reflect the natural abundance
of Si. This indicates that we ionize only silicon atoms and that
there is no contribution to masses 29 and 30 from28SiH+ and
28SiH2

+. The same results have been obtained for several other
REMPI transitions and for different ammonia laser lines.

Figure 3. TOF mass spectrum obtained by IRMPD of PhSiH3 with
the NH3 laser tuned to 928 cm-1 with [2+2] REMPI of Si at 487.9
nm.
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We have also performed similar experiments employing UV
photolysis of PhSiH3 instead of IRMPD. It is likely that these
two dissociation techniques result in different relative distribu-
tions of atomic and molecular dissociation products. Changing
dissociation channels, however, does not change our resultss
the ratio of signals at masses 28-30 always corresponds to the
natural abundance of Si.

Figure 4 shows the ion signal at mass 28 from UV photolysis
of phenylsilane when the ionization laser is tuned through the
4p1P1 r 3p1D2 REMPI transition around 487.9 nm. The
spectrum is obtained at 0.07 cm-1 spectral resolution (limited
by the scan rate of the laser wavenumber relative to the data
collection rate). The ionization laser delivered 1 mJ per pulse
in a beam focused by anf ) 50 cm lens. At this fluence, which
is estimated to be about 1-4 J/cm2, the transition is structureless
and exhibits a width of 0.18 cm-1 (fwhm). We observe no
contribution of power broadening to the line width of this two-
photon transition. The same line width is measured if we
detected the ion signal at masses 29 and 30 rather than 28. After
correction for the instrumental spectral resolution, the residual
width of 0.16 cm-1 is attributed to Doppler broadening,
corresponding to a translational temperature of about 3800 K
for the Si dissociation products. As a consistency check, we
can compare this value with that determined from the width of
the ion time-of-flight peaks. The typical width of a Si+ peak in
our TOF mass spectra is about 10 ns (see, for instance, Figure
3). After deconvoluting the duration (7 ns) and the jitter (2 ns)
of the ionization laser pulse, and taking into account the 2 ns
resolution of our mass spectrometer, we obtain 6.5( 0.5 ns
for the duration of the ion pulses. Assuming that this arises from
the thermal distribution of Si atoms, we can estimate the
temperature by the expression16

where τ is the ion pulse duration,Es ) 105 V/m is the
electrical field between the acceleration electrodes,m ) 28 is
the mass of Si,q is the charge, andk is the Boltzmann constant.
With τ ) 6.5( 0.5 ns, we obtainT ) 4200( 600 K, consistent
with the value obtained from the Doppler width of the silicon
REMPI transition. Our observation of relatively sharp REMPI
resonances characteristic of atomic transitions in the photodis-
sociation experiments described above confirms that under the

conditions employed (i.e., the fluence and frequency of ioniza-
tion radiation) we detect only Si atoms. This conclusion is
consistent with the results of Johannes et al.17,10 in which they
observed no ionized SiHx (x ) 1-2) fragments following
thermal decomposition of disilane (Si2H6). While it is possible
that some of the Si atoms that we detect are created by IRMPD
of nascent SiHx (x ) 1-3) dissociation products, our results
indicate that if it does occur, this process is not isotopically
selective. Indeed, for all photolysis conditions of PhSiH3, we
observe the natural isotopic abundance of the detected Si+ ions.
This fact also demonstrates that the REMPI detection of Si
atoms is isotopically nonselective; that is, the measured 0.16
cm-1 Doppler width of the REMPI atomic transitions is larger
than their isotopic shift. The latter is expected to be in the range
of 0.02-0.05 cm-1,18 consistent with our result. Thus, in using
this technique to investigate IRMPD of silane, we can be
confident that our mass spectra reflect the true isotopic
composition of the primary fragments.

To further characterize our REMPI detection scheme for
silicon atoms, it is important to identify the mechanism by which
these atoms are produced. They may appear as primary
dissociation products from IRMPD of SiH4 or by subsequent
dissociation of SiHx (x ) 2,3) fragments, either by the IRMPD
laser or by the ionization laser radiation used for the REMPI
process. Production of Si in the1D and 3P states following
photolysis of SiH2 excited to the A˜ 1B1(0, ν2 0) state has been
observed by McKay et al.19 (Si(3P) for ν2 g 2) and Van Zoeren
et al.11 (Si(1D) for ν2 g 6). The Si REMPI transition at 488 nm
lies within the relatively broad A˜ 1B1(060) r X̃1A1(0,0,0)
absorption band of SiH2, allowing the possibility that the
ionization laser pulse excites SiH2 fragments to the dissociative
Ã1B1 state. To clarify the source of the Si atoms detected in
our experiments, we add a second Nd:YAG pumped dye laser
for photolysis of SiH2 at 488 nm in addition to the REMPI
laser. This photolysis laser is detuned from the Si(1D)
REMPI resonance while still overlapping the SiH2 Ã1B1(060)
r X̃1A1(0,0,0) absorption band and accomplishes only pho-
tolysis of SiH2. We generate SiH2 fragments by IRMPD of
ground-state SiH4 using the NH3 laser. The 488 nm photolysis
pulse occurs 550 ns after the beginning of the IRMPD laser
pulse and 310 ns before the ionizing laser pulse. The subsequent
ionization laser remains tuned to a REMPI transition of Si in
the 3P state (408 nm) or1D state (488 nm).

Figure 5 shows three mass spectra obtained after IRMPD of
ground-state SiH4. Trace 5(a) is obtained by Si REMPI at 408
nm with the photolysis laser blocked (2-laser signal). Traces
5(b) and 5(c) are obtained by all three lasers acting together
(i.e., the NH3 laser used for IRMPD, the photolysis laser, and
the REMPI laser). In the case of trace 5(b), the photolysis laser
is tuned to the Si(1D) resonance at 487.9 nm; in trace 5(c) it is
off-resonance. IRMPD of SiH4 is accomplished by using the
889 cm-1 line of the NH3 laser in all cases. Note that trace 5(a)
shows a weak mass 28 signal due to the ionizing laser at 408
nm, indicating the presence of Si(3P) atoms produced either by
direct IRMPD of SiH4 or by IRMPD of primary SiHx (x ) 1-3)
fragments, or by photolysis of SiH2 by the ionizing laser itself.
To our knowledge, SiH2 transitions at 408 nm have never been
observed, although this wavelength is likely to overlap with the
Ã1B1(0,11,0) r X̃1A1(0,0,0) band. This transition should be
relatively weak, because the Franck Condon factor for the
transitions withν2 > 5 drops significantly.20 Thus, we believe
that SiH2 photolysis is substantially less efficient at 408 nm
than at 487.9 nm. Trace 5(b) shows two mass 28 peaks. The
first one is due to the photolysis laser, which is tuned into

Figure 4. REMPI spectrum of28Si produced by IRMPD of PhSiH3
by a CO2 laser tuned to the 10P(32) line (932.89 cm-1). The peak is
located at 20492.52 cm-1 and is assigned to the 4p1P1 r 3p1D2 two-
photon transition.27

T =
(τqEs)

2

4km
(1)
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resonance with the Si(1D) REMPI transition at 487.9 nm, and
the second peak is due to the ionizing laser at 408 nm. The
energy fluence is∼0.5 J/cm2 for both lasers. The first peak
indicates the presence of Si(1D), produced either by IRMPD or
by photolysis of SiH2 by the 487.9 nm ionization laser. The
second peak is enhanced by about a factor of 8 with respect to
the two-laser signal of trace 5(a), indicating a substantial increase
in Si(3P) atoms, which is likely due to the photolysis of SiH2

by the first laser at 487.9 nm. In trace 5(c), the pulse energy of
the photolysis laser is increased by 14 times, and it is tuned out
of resonance with the Si(1D) REMPI transition. This causes the
first peak to disappear and the Si(3P) signal to increase by∼22
times with respect to trace 5(a). The signal disappears com-
pletely when the NH3 laser beam is blocked. This indicates that
a substantial fraction of Si(3P) atoms is produced by the
photolysis laser through dissociation of the primary IRMPD
products. Under the assumption that photolysis of SiH2 by the
408 nm REMPI laser is negligible under our experimental
conditions, we estimate that at most 4.5% of the primary IRMPD
products could be Si(3P) atoms. This result does not change if
the photolysis laser wavelength is changed by a few tenths of
wavenumbers around the Si REMPI transition at 487.9 nm.

We performed a similar series of experiments by tuning the
ionizing laser into resonance with the Si(1D) REMPI transition
at 487.9 nm. The results are shown in Figure 6. The three mass
spectra are similar to those in Figure 5, except that the ionizing
laser probes Si(1D) at 487.9 nm, and IRMPD is performed by
the 867.9 cm-1 line of the NH3 laser, which results in an
enhancement of the peaks that correspond to the minor Si
isotopes (as explained more fully in the following section). The
two-laser signal in trace 6(a) shows three peaks, corresponding
to the three Si isotopes in the1D state, produced either by
IRMPD of SiH4 and/or by photolysis of SiH2 by the ionizing
laser itself. The first three peaks in trace 6(b) originate from
both dissociation and ionization of silicon isotopes by the
photolysis laser, which is tuned into resonance with the Si(1D)
REMPI transition at 487.9 nm. The second set of peaks
correspond to isotopes of Si(1D) ionized by the second (ionizing)
laser. Although the fluence of the ionizing laser is the same as
that in trace 6(a), the corresponding signal in trace 6(b) is about
10% less, indicating that the concentration of Si(1D) atoms is
depleted by the photolysis laser. Trace 6(c) demonstrates that
when the photolysis laser is tuned off the Si(1D) resonance, the

earlier set of peaks vanishes and the latter increase by about
25%. Taken together with the data of Figure 5, these data clearly
indicate that the photolysis of primary IRMPD dissociation
fragments by the ionization radiation is an important source of
Si atoms in both the3P and1D electronic states.

Having characterized our REMPI detection scheme and
determined parameters of the ionization radiation that allows
unbiased detection of all three Si isotopes, we now describe
experiments where this detection tool is employed to study
isotopic selectivity in the IRMPD of silane.

B. IRMPD of Ground-State Silane. Figure 7 shows ion
signals at masses 28-30 detected by REMPI of Si at 487.9 nm
after IRMPD of SiH4 using different lines of the NH3 laser.
The experimental conditions are the same in each case except

Figure 5. TOF REMPI spectrum of Si(3P) detected at 408 nm, after
IRMPD of SiH4 (NH3 laser, 889 cm-1) followed by photolysis of
dissociation products by radiation near 488 nm: (a) the photolysis beam
is blocked, (b) photolysis radiation is tuned to the same 4p1P1 r 3p1D2

[2+2] REMPI transition in Si as the ionization laser; (c) energy of
photolysis laser pulse is increased by 14 times and its frequency is
detuned from the REMPI resonance. The ionization laser fires 312 ns
after the photolysis laser pulse.

Figure 6. TOF REMPI spectrum of Si(1D) detected at 487.9 nm, after
IRMPD of SiH4 (NH3 laser, 867.9 cm-1) followed by photolysis of
dissociation products by 488 nm radiation: (a) the photolysis beam is
blocked; (b) the photolysis laser is tuned to the same wavelength as
the ionization laser; (c) photolysis laser is tuned off the REMPI
resonance while its pulsed energy remains the same in all three
experiments. The ionization laser fires 296 ns after the photolysis laser.

Figure 7. TOF mass spectra of fragments created by IRMPD of
ground-state SiH4, detected by REMPI of Si(1D) at 487.9 nm. The
spectra are labeled by the wavenumber of dissociating radiation (NH3

laser). The relative intensities of the traces are shown as they appear
in the experiment, except for the trace withndiss ) 867.9 cm-1, which
is magnified by a factor of 4.
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for the different power available at the various ammonia laser
frequencies. Because the IRMPD process is nonlinear, we do
not normalize the spectra to the ammonia laser power. All the
spectra clearly show the most intense feature at mass 28,
corresponding to IRMPD of the main isotopic species28SiH4,
and smaller signals at masses 29, 30, corresponding to the minor
isotopic species. The 854 and 889 cm-1 lines of ammonia laser
(i.e., traces 7(b) and 7(d), respectively) appear to be the most
efficient for dissociating ground-state28SiH4. The relative
intensities of ion signals at masses 28-30 after dissociation with
these laser lines are close to the natural abundance of Si. This
is not the case for certain other dissociation lines, however. The
most prominent example of enrichment of the products in the
minor isotopes is shown in Figure 7(c), where the dissociation
ammonia laser is tuned to the line at 867.9 cm-1. The relative
signals at masses 28 and 29 imply that dissociation products
are enriched to about 35% in the latter. As shown in Figure 8,
this degree of enrichment increases further as the fluence of
the 867.9 cm-1 dissociating radiation is lowered. Although the
signal at mass 28 increases with fluence, the signals at masses
29 and 30 remain about the same over the fluence range
investigated. Such dependence suggests that dissociation of
29SiH4 and 30SiH4 is already saturated at a fluence as low as
0.4 J/cm2, at which point the concentration of29Si the in
dissociation products reaches 47%sa 10-fold increase over its
natural abundance.

Isotopic selectivity in IRMPD of polyatomic molecules is not
new, having been first demonstrated in the mid 1970s.21-24

However, silane is different from typical working molecules
for laser isotope separation by IRMPD. Usually one chooses a
parent molecule possessing a vibrational mode with an isotopic
shift that is at least comparable to the width of the room
temperature rotational contour. To achieve isotopic selectivity
and efficient dissociation, the dissociation laser is tuned to the
low frequency side of the absorption band of the ground state
molecules. Selectivity is gained over several absorption steps
during the IRMPD process. The rotational identity of the first
absorption step and the exact frequency of dissociation radiation
are usually not critical. In contrast, the isotopic shift in SiH4 is
rather small (∼1.3 and 2.6 cm-1 25 for 29SiH4 and 30SiH4,
respectively), and thus theν4 absorption bands of the three
isotopes are largely overlapped. Moreover, the high average
frequency of the vibrational modes in SiH4 leads to a low density
of vibrational states in the energy region of the first few steps
of IRMPD, and the large rotational constant leads to a sparse
rotational structuresboth of which make collision-free IRMPD
of ground-state SiH4 difficult. However, if the dissociation

frequency is in close resonance with a particular rotational
transition of the desired isotopic species, molecules in this state
may be dissociated with only moderate laser fluence. In our
previous work,7 we observed such rotational selectivity for
IRMPD of vibrationally pre-excited molecules, and one expects
a similar degree of selectivity for IRMPD of ground-state silane.
The 867.9 cm-1 ammonia laser line is in close resonance with
one of the components of the split P(13) rotational transition in
29SiH4,25 favoring dissociation of this species. In light of this,
the data of Figure 8 suggest that absorption from only one
particular rotational state of29SiH4 is saturated. In other words,
although the IRMPD is saturated, only a small fraction of all
irradiated molecules is dissociated. Indeed, in SiH4, each single
J level is split by Coriolis interaction to several sublevels. A
strong Coriolis coupling between theν4 and theν2 modes causes
this splitting to become significant for the high J states of the
ν4 vibration that we use for multiphoton pumping, and it
increases upon vibrational excitation. At moderate fluence, after
a few excitation steps, the narrow bandwidth dissociation
radiation of our multimode NH3 laser (typically 0.1 cm-1) may
overlap with only a few of the many possible components of
the transition to the next higher vibrational level. Therefore,
some of the excited molecules will remain in low-lying levels
and will never reach the dissociation threshold. At high fluence,
power broadening may result in opening new excitation
pathways, increasing the overall dissociation yield, although the
isotopic selectivity may decrease. Thus, even though IRMPD
of ground state silane is isotopically selective, it is difficult to
implement this process for practical isotope separation because
of the low overall dissociation yield. This problem can
potentially be overcome by overtone pre-excitation of molecules
directly to a high vibrational energy level, jumping over the
bottlenecks in the IRMPD process. One also expects that isotopic
selectivity in such approach can be higher, since it is mainly
determined by the pre-excitation step. The following subsection
presents our results on IRMPD of different isotopes of SiH4

pre-excited to the first Si-H stretch overtone.
C. IRMPD of Vibrationally Pre-excited Silane. The isotopic

shift of the Si-H stretch fundamental has been estimated to be
-1.4 cm-1 for 29SiH4 and -2.9 cm-1 for 30SiH4,25 and the
corresponding shifts for the first Si-H stretch overtone should
be nearly twice these values. To our knowledge, rotationally
resolved spectra of the first overtone of the Si-H stretch
vibration in29SiH4 and30SiH4 have never been assigned. Thus,
our primary objective is to find and to assign transitions in the
excitation spectrum of the first Si-H stretch overtone silane
corresponding to the minor silicon isotopes.

Figure 9(a)-(d) presents four excitation spectra in the first
Si-H stretch overtone band of SiH4 in natural isotopic
abundance. Each of these spectra is obtained using the IRLAPS
technique, but the dissociation fragments are detected differently.
In 9(a) we use laser-induced fluorescence of SiH2, which is not
isotopically selective, while in 9(b)-(d) we use REMPI of Si
followed by mass spectrometric detection of the resulting silicon
ions. For comparison, we also show in Figure 9(e) a photo-
acoustic spectrum of silane over the same spectral region.

By monitoring the ion signal at a particular silicon mass while
scanning the frequency of the overtone excitation laser, we
obtain an excitation spectrum of a single isotopic species of
silane. Comparison of the isotopically selective “action” spectra
with the photoacoustic spectrum allows assignment of some of
the absorption features in the latter to transitions of the different
isotopic species. Some of these transitions are isotopically “pure”
in the sense that they primarily belong to a single isotopic

Figure 8. Relative intensities of TOF REMPI signals of Si(1D) at
masses 28-30 as a function of fluence of the NH3 dissociation laser
tuned to the 867.9 cm-1 line.
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species. Pre-excitation of silane through these transitions
produces vibrationally excited SiH4 molecules that are highly
enriched in a single isotope of Si. If one performs selective
IRMPD of these molecules, the dissociation products will be
enriched in one of the Si isotopes.

As observed in our previous work, efficient IRMPD of silane
from the first Si-H stretch overtone level occurs only when
molecules are pre-excited to certain rotational states that depend
on the frequency of the dissociation laser. This rotational
selectivity arises from the need for the dissociating radiation to
maintain a close resonance with rovibrational transitions for the
first few steps of multiphoton excitation. Isotopically selective
detection of Si fragment reveals that in addition to the rotational
selectivity, IRMPD of the pre-excited molecules is isotopically
selectivesthat is, each particular line of the ammonia laser
favors dissociation of a particular pre-excited isotopic species
from a few specific rotational states (Figure 9(b),(c)). We believe
that the mechanism of the isotopic selectivity in IRMPD of pre-
excited silane is exactly the same as the mechanism of the
rotational selectivity, arising from a slight difference in the
frequency of theν4 transition for different pre-excited isotopic
species.

Figure 10 shows an example of Si ion time-of-flight traces
in the mass-range 28-30 from the IRMPD of silane molecules
that have been vibrationally pre-excited to the first Si-H stretch
overtone. Trace 10(a) shows the signal when the overtone pre-
excitation laser is blocked, while 10(b) shows the result of tuning
the overtone excitation laser to a strong isotopically “pure”
transition of29SiH4 at 4425.03 cm-1. Trace 10(c) is simply the
difference of (b) and (a). In each case, the ammonia laser has
been tuned to a line at 867.9 cm-1. When the pre-excitation
laser is blocked, the ion signal originates from IRMPD of the
ground-state silane. As was discussed above, this process shows

some degree of isotopic selectivity, and hence the mass spectrum
in Figure 10(a) does not reflect the natural abundance of Si.
When the excitation laser is unblocked, the signal at mass 29
rises significantly relative to that at mass 28, indicating that
pre-excitation of29SiH4 increases both the IRMPD efficiency
as well as the overall isotopic selectivity of the process. The
relative intensities of the peaks in trace 10(b) imply an isotopic
abundance of29Si in the dissociation products of 93%. The
degree of isotopic enrichment is limited by three factors.

The first is IRMPD of ground-state silane, which produces a
background of the other isotopes. Although this process is itself
isotopically selective, the selectivity is not nearly as high as
the two-laser processes and it is not necessarily selective for
the same isotope. The second limiting factor is the low fraction
of 29SiH4 pre-excited to the first overtone level. This fraction,
which determines the intensity of the mass-29 signal in the trace
on Figure 10(b), is proportional to the pre-excitation laser
fluence. By decreasing the fluence of the dissociating laser and/
or increasing the fluence of the pre-excitation laser, the relative
intensity of the background signal can be suppressed and
consequently the isotopic purity of dissociation products
substantially increased. Figure 10(c), which shows the difference
between traces (b) and (a), represents the hypothetical limit for
the selectivity of this particular excitation scheme. This limit is
determined by the spectroscopic purity of the excited overtone
transition and depends on the frequency and line width of the
pre-excitation laser.

We have explored different combinations of pre-excitation
and dissociation frequencies for isotopically selective IRMPD
of the three isotopic species of SiH4. Table 1 summarizes the
most selective of these combinations. The example discussed
above for29Si, which uses pre-excitation at 4425.03 cm-1 and
dissociation at 867.9 cm-1, gives the highest measured dis-
sociation yield and at the same time allows enrichment of the
dissociation products to>99% in the minor isotope. The same
level of enrichment can be reached for28Si if 4377.62 and 854
cm-1 are employed for pre-excitation and IRMPD, respectively.
For 30Si, the maximum possible enrichment does not exceed
96%.

In addition to high isotopic selectivity, the absolute yield is
an important characteristic of any isotope separation process,
since it is central in determining the cost. Our estimate shows
that with the 3-5 mJ pulse energy available from our overtone
excitation laser, we excite no more than 1% of molecules of a
desired isotopic species to the required rovibrational level at
the laser beam waist. Moreover, to preserve high selectivity,
the dissociating fluence should be sufficiently low, resulting in
dissociation of only half of the pre-excited molecules. We

Figure 9. (a-d) A part of the action spectra of the first Si-H stretch
overtone in SiH4 obtained using our IRLAPS28 detection technique:
(a) with LIF detection of SiH2 fragments7 and (b), (c), (d) with mass-
resolved TOF REMPI detection of28Si, 29Si, and30Si isotopic species
(1D state), respectively. For comparison, trace (e) shows a photoacoustic
spectrum of the same transition.

Figure 10. TOF REMPI mass-spectra of Si(1D) in dissociation products
of SiH4 resulting from (a) IRMPD of ground-state silane, (b) IRMPD
of SiH4 pre-excited at 4425.03 cm-1. Trace (c) is a result of subtraction
of trace (a) from trace (b). The dissociating NH3 laser is tuned to the
867.9 cm-1 line.
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therefore expect a total yield on the order of 0.5%. For the
process to be performed under collision-free conditions, the
sample pressure should not exceed 1-2 mbar. This results in
an overall absolute yield on the order of 1010 molecules/mm3

per laser shot. The volume near the focus, where efficient pre-
excitation and dissociation take place under our conditions, is
a few tens of mm3. Therefore, we produce not more than 10-8

grams of29Si per hour at more than 90% isotopic purity. This
productivity is too low for practical applications.

The two primary factors that limit the productivity of this
process are the low power of our pre-excitation laser and the
small fraction of molecules available for excitation. The latter
has two components. Only molecules in a single rotational state
may be pre-excited via a chosen transition, and forJ ) 8-12,
the fraction of molecules in these states is only 5-10% at room
temperature. Moreover, the requirement for the process to be
collisionless limits the maximum sample pressure and therefore
the total number of available molecules. It is not clear whether
the process must occur in a collisionless environment, however.
On one hand, collisions may allow fast rotational relaxation
during the pre-excitation pulse and hence refill the rotational
state depopulated by overtone excitation, resulting in higher pre-
excitation efficiency. On the other hand, v-v collisional energy
transfer may scramble the isotopic purity of excited molecules.
However, as it has been recently demonstrated in our labora-
tory,26 under certain conditions collisional v-v relaxation may
preserve and even enhance isotopic selectivity. The mechanism
of this enhancement is not yet fully understood, and, therefore,
it is not clear if it can be extended to IRMPD of vibrationally
pre-excited SiH4.

IV. Conclusions

Laser radiation at 487.9 nm at a fluence up to 1 J/cm2 allows
[2+2] REMPI detection of Si via the 4p1P1 r 3p1D2 2-photon
transition without noticeable ionization of SiHx (x ) 1-3)
fragments created by IRMPD of silane. This allows the use of
REMPI for monitoring the isotopic composition of the IRMPD
dissociation products. A substantial fraction of the detected Si
atoms is created through photolysis of nascent SiHx (x ) 1-3)
fragments by the ionization laser.

Infrared multiphoton dissociation of vibrationally ground-state
SiH4 by certain lines of an ammonia laser exhibits isotopic
selectivity. The dissociation products can be enriched in either
of the two minor silicon isotopes,29Si or 30Si, depending on
frequency of the dissociating laser. For example, IRMPD of
vibrationally ground-state SiH4 by 867.9 cm-1 radiation results
in more than 10-fold enrichment of dissociation products in29Si.
However, the low density of vibrational levels for the first
several steps of IR MPD makes such isotopically selective
dissociation inefficient.

Both the isotopic selectivity and dissociation yield can be
greatly increased if SiH4 molecules are pre-excited to the first
Si-H stretch overtone level followed by IRMPD of the pre-
excited species. High enrichment of SiH4 dissociation products
in a particular Si isotopic species requires certain combinations
of the pre-excitation and the dissociation frequencies (Table 1).
The pre-excitation frequency is optimized for high isotopic
selectivity, while the dissociation frequency is optimized for
maximum dissociation yield from the prepared excited rovi-
brational state of a given isotopic species. At high fluence of
the pre-excitation laser, the dissociation products could in
principle be enriched up to 99% in29Si or up to 96% in30Si.
Although much higher than the yield of isotopically selective
IRMPD of ground-state silane, the overall yield of the overtone
pre-excitation-IRMPD process is still too low for a practical
implementation of this approach to isotope separation of silicon
with SiH4 as a parent molecule. This yield is limited by low
sample pressure and by the small fraction of molecules in single
rotational states suitable for excitation. Nevertheless, as we have
demonstrated in this work, the suggested overtone pre-excitation-
IRMPD approach has potential for highly selective molecular
isotope separation. If low overtone transitions of the parent
molecule can be rotationally resolved, a high degree of isotopic
selectivity can be reached in a single-stage process, even if the
isotopic shift is too small to perform classical, isotopically
selective IRMPD. The productivity of the process could be
increased by selection of parent molecules with suitable
spectroscopy, by controlling the rotational temperature of the
molecules and by improving the tunability of the dissociation
laser.
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