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Isotopically Selective Infrared Multiphoton Dissociation of Vibrationally Excited SiH4
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We use mass-resolved-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 SiH. 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 thid Siretch, 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, Sildt 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 2°Si, and >96% in 3°Si. We evaluate the practicality of an
overtone-pre-excitation/IRMPD scheme for silicon isotope separation on a macroscopic scale.

I. Introduction lower threshold fluence. We estimate that vibrational pre-
excitation increases the dissociation cross-section by a factor
The recent measurement of substantially increased thermalgf 2307
cond_ut_:t_ivity of s_ilico_r%vzup(_)n isotopic purificgtion suggests the These observations suggest potential advantages in using an
possibility of using isotopically pure materials to enhance the oy ertone pre-excitation-IRMPD scheme for silicon isotope
performance of semiconductor devices. Producing isotopically separation in Sild In this approach, the pre-excitation laser is
pure semiconductors is, however, currently limited by the high tyned to a Si-H stretch overtone transition of silane, promoting
cost of isotopic enrichment. The development of economically primarily a single isotopic species to the upper vibrational level.
feasible approaches for isotopic enrichment of these materialsfollowing this, a second laser dissociates only the pre-excited
would facilitate exploring their potential in practical devices. molecules via IRMPD, resulting in dissociation products that
The method of Molecular Laser Isotope Separation (MLIS) are substantially enriched in the desired silicon isotope. Imple-
using infrared multiphoton dissociation (IRMPD) has shown mentation of such a scheme for Sild complicated by the lack
some promise for laboratory-scale separation of silicon isotopesof rotational assignments of the first-Sil stretch overtone band
using SiFs as a working molecul&:® Starting with a sample  of silane. Moreover, our previous investigations revealed that
of natural isotopic abundance (92.286i, 4.7%2°Si, and 3.2% efficient IRMPD of vibrationally pre-excited SiHusing a
305j), Kamioka et aP succeeded in enriching SiBlissociation particular line of a NH laser occurs only if the first laser pre-
products to 46% irf°Si and 6% in2%Si, while Noda et af excites the molecules to a particular rotational stawe
achieved 43.3% and 12.3% for the respective isotopes. Okadaattribute this selectivity to the requirement that the first few
et als reported enrichment of the Sifphotoproduct of about ~ Steps of IRMPD be nearly resonant with the frequency of the
20% for both minor isotopes. While this is currently the most NHs laser when the dissociating fluence is low. The optimal
advanced laser-based technique for silicon isotope separationfj'ssoc'at'ng laser frequencies for particular rotational states of

this level of enrichment is still far below that required for vipra}tionally pre-excitedf_‘Sintwi_ll not necessarily be the r_nost
electronic applications efficient for other isotopic species, however. To determine the

o feasibility of this two-laser scheme for enrichment of silicon
In a recent publicatiodwe reported the results of a study of

: . isotopes, the present work must first assign the rotational
IRMPD of SiH, using both C@ and NH; lasers The use of  yanitions of the first SiH stretch overtone band for the minor

silane as a parent molecule for isotope separation of Si is s;isotopes. In addition, we must find combinations of overtone
attractive, since it is widely employed in the semiconductor pre-excitation frequencies and dissociating frequencies that result

industry. Our study revealed that IRMPD of vibrationally in effective, isotopically selective dissociation #SiH,; and
ground-state silane is inefficient, exhibiting a laser fluence 30gjH,.

threshold that is near 17 J/énin contrast, when the molecules In our previous study, we used LIF detection of Sjfoducts
are pre-excited to the first SH stretch vibrational overtone o monitor the dissociation yield of vibrationally pre-excited
before IRMPD, the dissociation is more efficient and exhibits sjlane. Unfortunately, the isotopic shift in the LIF spectra of
different Si isotopes of Siklis small and not easily resolved in
* Author to whom correspondence should be addressed. our experiment, precluding the assignment of the silareHSi
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Figure 1. Schematic energy level diagram for (a) IRMPD of
vibrationally pre-excited silane, (b) 2] REMPI detection of Si atoms

in the 3P or !D states. Silicon atoms may appear as a direct product
from the IRMPD process or as a result of subsequent photolysis of the | S —
IRMPD products (primarily Sik) by the ionization laser (see the text). y \J 487.9 nm

stretch band for the minor isotopes. In the present work, we 2.3”

overcome this limitation by detecting dissociation products in _. . . .

. Figure 2. Optical layout of the experiment. The overtone excitation,
a m?SS'reSQIVed manner. We do th'_s by fe_SO”a“C? enhancegissociation, and REMPI (photolysis) laser beams are focused and
multiphoton ionization (REMPI) detection of Si atoms in atime-  gyerlapped with a pulsed molecular jet in the ionization chamber of
of-flight mass spectrometer (TOF MS). REMPI of silicon atoms the TOF MS.
in the presence of SiHand its dissociation products has not
been thoroughly studied, and there are some contradictions ingenerate 24 mJ of infrared radiation around 2,8m by
the literature1%n the present work we show that REMPI of  difference frequency mixing 100 mJ of the fundamental from a
Si can be used for monitoring relative concentrations of different single-mode Nd:YAG laser with the 50 mJ output from a
silicon isotopes in the dissociation products of SiM/e then narrow-band (0.03 cnt) Nd:YAG pumped dye laser. A few
employ this tool to study IRMPD of different isotopic species nanoseconds later, a microsecond long pulse of-P5D mJ

of vibrationally pre-excited Siklin natural abundance. from an NH; laser promotes these pre-excited molecules above
) _ the dissociation limit by IRMPD via the HSi—H bending
Il. Experimental Section vibration (v4). About 1us after the initial laser pulse, a 10 mJ

Figure 1 shows a schematic energy level diagram for infrared ViSible pulse from another Nd:YAG pumped dye laser dissoci-
multiphoton dissociation of vibrationally pre-excited $iH ates S|I-_j fragments and subsequently ionizes the resulting Si
combined with REMPI detection of Si. First, an IR laser pulse 2{0Ms via a [2-2] REMPI process when tuned to the two-photon
at approximately 2.2m excites the first overtone transition of ~4P*P1 <~ 3p'D2 transition at 487.9 nm in atomic silicon. The
the Si-H stretch vibration. A few nanoseconds later, a pulse d'ssfc'at'on of Sik by the visible pulse to form Si atoms in
from an NH; laser promotes some fraction of the vibrationally the "D2 state occurs through excitation of the ground-state
excited molecules to energies above the dissociation limit via Silylene fragments to predissociative rovibrational states in the
infrared multiphoton excitation of the, bending vibration, A €lectronic excited state.
producing mostly Sikl These nascent SiHfragments are To help clarify the mechanism of SiHlissociation, in some
subsequently dissociated by a visible laser pulse to produceexperiments we employ a second ionization dye laser, tuned to
silicon atoms, and if this third pulse is tuned to a REMPI 408 nm, to perform [21] REMPI of Si through the 4P, —
transition in Si, the latter are ionized by &2 REMPI scheme 3p3P, transition. In this case, the first ionization laser is detuned
and detected in a linear time-of-flight mass spectrometer (TOF from the REMPI resonance to accomplish only the dissociation
MS). of SiH,, while the second one ionizes the silicon atoms. For

We use this scheme to obtain two different types of data. these diagnostic experiments, we generate 8agments either
We record mass spectra of silicon atoms from dissociated silanePy IRMPD of ground-state silane or by UV photolysis of
molecules by fixing the frequencies of the excitation, dissocia- Phenylsilane. In the first case we employ our Nldser for
tion, and ionization lasers while measuring the time-of-flight IRMPD, while in the second case we use 10 mJ pulses at 266
of ions corresponding to masses 28, 29, and 30. This allows ushm (4th harmonic of a Nd:YAG laser).
to measure the isotopic composition of dissociation products Figure 2 shows the layout of our experiment. TheN&ber
for each particular pair of excitation and dissociation frequencies. beam used for IRMPD is focused by & 50 cm ZnSe lens
In a second type of experiment, we obtain an overtone excitationinto the ionization region of a WileyMcLaren type time-of-
spectrum of one particular isotopic species of S collecting flight mass spectrometer (TOF MS), entering through a NaCl
the ion signal gated at a particular silicon mass as a function of window. The IR excitation and UV ionization laser beams are
the frequency of the overtone excitation laser while keeping combined on a dichroic mirror (HR at 490 nm, Gafubstrate)
frequencies of the dissociation and probe lasers fixed. Sinceand enter the chamber through a sapphire window, counter-
we monitor the mass signal of one particular Si isotope only, propagating with the ammonia laser beam.fAn 50 cm Cak
we obtain an isotopically “pure” overtone excitation spectrum. lens and & = 50 cm fused silica lens focus the IR and 490 nm
This allows a straightforward assignment of overtone transitions UV beam, respectively, to a common point between the
corresponding to different SiHsotopic species. extraction grids of the mass spectrometer. When the 408 nm

The experimental apparatus we employ for vibrational UV beam is used for ionization, the focal length of the fused
overtone excitation and IR MPD of SiHn main has been  silica lens is reduced to 36 cm to compensate the lower pulse
described elsewhereTo excite the first overtone of the SH energy at this wavelength and keep the energy fluence at the
stretch vibration in Sild (i.e., thevi+vs and 23 bands), we focus nearly the same.
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In previous experimentsve have shown that IRMPD of SiH 8.1 8.2 8.3 8.4 85
is efficient only when the molecules pre-excited to the firstiSi 1 1 l | l
stretch overtone have rotational quantum numbers in the range .
; by . PhSiH,
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 I I I I
supersonic expansion such that the molecules do not efficiently 26 28 30 32
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 arg 20~% mbar

in the ionization region and below:6 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 jqentified in silane decomposition under collisional conditions,
electrical field between them. In our case, this does not affect 5,4 these may also be produced during collisionless IRMPD.
the mass-resolution of our TOF, but deflects photoions away |,qeed, a strong IR laser field can excite $iHolecules above
from the detector. We compensate for this by applying about o |oyest dissociation limit, opening the higher energy .SiH
300 V on the deflection plates placed in the flight tube of the _, SiHs 4+ H channel at 32 100 cm. Moreover, the primary

TOF. ) . dissociation product, Sikimay be further pumped via IRMPD
A microchannel plate (MCP) with subnanosecond response 1, form Si+ H, and/or SiH+ H. Because different isotopic

time detects the photoions at the end of the 62 cm flight tube. species of some of these fragments have the same masses (e.g.,
The output signal is first amplifiedyba 1 GHz preamplifier  s0gj anq283iH,), isotopic analysis of the dissociation products,
(EG&G ORTEC, # 9306) and then sent to a 500 MHz digital 54 hence measurements of the degree of isotopic enrichment,
oscilloscope (LeCroy, LC9350C) which averages the flight-time ¢ jifficult. To overcome this problem, we use REMPI of bare
traces and displays them. The data are transferred to a PC Vigjjicon atoms with subsequent detection in a TOF MS. If the

a GPIB interface fpr processing. Undgr the operating conditions detection laser is resonant with an atomic transition of silicon,
employed, we achieve a mass-resolution of about 1000. We hav

| . X X € NAVQynization of Si may predominate over nonresonant ionization
checked the linearity of the detection system by dissociating o the nolyatomic fragments, and the mass spectrum will reflect
phenylsilane with a tightly focused € 150 mm) laser beam

T the silicon isotopic composition (presuming there is no isotopic
of 1 mJ pulse energy at 266 nm and ionizing both the parent gg|e cfjyity in the atomic transition, which is discussed below).
molecule and the dissociation products with the same laser pulse¢ 1, ever, the laser fluence is too high, nonresonant ionization
The observed mass spectrum reflects the natural isotopico} moleculér fragments may become c’omparable with atomic
abundance of Si isotopes. Moreover, variation of the MCP

R . . REMPI and the measured mass spectrum will not reflect the
V(_)I_tage does not change the re_Iat|ve ion signals of th_e different isotopic abundance of the IRMPD products. Thus, our product
Si ISotopes. Th|_s gives us cor_lfldence that the detection SYSteMyetection must be performed under conditions (i.e., wavelength
remains linear in the dynamical range of our measurements, ,

iti ¢ s of ISOODI ich twh and fluence of ionizing radiation) that favor REMPI detection
permitling accurate measurements ot 1ISotopic enncNMENtWNeN ¢ 5 atoms over nonresonant ionization of SiH and Sikb a
we dissociate Sikd

. . .. convenient source of all these fragments we use IRMPD or UV
We run our experiments at 10 Hz repetition rate, which is

hotolysis of phenylsilane. With th ilable fl f
determined by that of the NHaser. Each point in an overtone pnoloysis o phenysstane I ¢ avatable TUelce o

icall 5630 | hots: ammonia laser radiation or 266 nm UV radiation, the dissocia-
spectrum typically represents an average aser shots; tion of PhSiH is easily saturated, independent of the isotopic
mass spectra are typically averaged over 1000 shots.

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 giMhere IRMPD of

We first report our results on REMPI of Si atoms created by both ground-state and pre-excited silane molecules can be
IRMPD or UV photolysis of PhSikl This serves to characterize  isotopically selective.
the detection scheme that we subsequently use to study IRMPD Figure 3 shows a typical REMPI mass spectrum of the
of silane. We then present and discuss our results on IRMPD IRMPD products of phenylsilane when the ionization laser is
of vibrationally ground-state silane, followed by those on silane tuned to the resonance of Si in tHe, state (487.9 nm). Three

Mass (amu)

Figure 3. TOF mass spectrum obtained by IRMPD of PhSith
the NH laser tuned to 928 cm with [2+2] REMPI of Si at 487.9
nm.

I1l. Results and Discussion

molecules that have been pre-excited to the firsttbistretch ion peaks in this spectrum at masses-28 correspond to the
overtone before IRMPD. three Si isotopes. Within the accuracy of our measurements,
A. REMPI Detection. With a threshold of~20 400 cnt?, which is limited by electrical oscillations of the baseline at

the lowest energy dissociation channel, i SiH; + Ha, has masses 29 and 30 caused by the strong signal at mass 28, the
been shown to dominate in thermal decomposition and in relative intensities of these peaks reflect the natural abundance
IRMPD of SiH,12 under collisional conditions. SiHragments of Si. This indicates that we ionize only silicon atoms and that
have also been detected by LIF in our previous study of there is no contribution to masses 29 and 30 ff88iH" and
collision-less IRMPD of silané. Small amounts of other  28SiH,*. The same results have been obtained for several other
fragments, such as SiH® SiH* H,, and H® have been REMPI transitions and for different ammonia laser lines.
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Figure 4. REMPI spectrum of8Si produced by IRMPD of PhSiH
by a CQ laser tuned to the 10P(32) line (932.89 & The peak is
located at 20492.52 crh and is assigned to the ¥ — 3p'D, two-

photon transitiort’

We have also performed similar experiments employing UV
photolysis of PhSiklinstead 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 results
the ratio of signals at masses-280 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
4p'P; — 3p'D; REMPI transition around 487.9 nm. The
spectrum is obtained at 0.07 cinspectral 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 dn= 50 cm lens. At this fluence, which

is estimated to be about-¥ J/cnt, the transition is structureless
and exhibits a width of 0.18 cm (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

Makowe et al.

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 éfafin which they
observed no ionized SiH(x = 1-2) fragments following
thermal decomposition of disilane (Bi). While it is possible
that some of the Si atoms that we detect are created by IRMPD
of nascent Sikl (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 Phgitte
observe the natural isotopic abundance of the detecteibSs.

This fact also demonstrates that the REMPI detection of Si
atoms is isotopically nonselective; that is, the measured 0.16
cm~! 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 cn1,8 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 Sjtbr by subsequent
dissociation of Sil(x = 2,3) fragments, either by the IRMPD
laser or by the ionization laser radiation used for the REMPI
process. Production of Si in th® and 3P states following
photolysis of SiH excited to theNABl(O, v, 0) state has been
observed by McKay et &P (Si(®P) for v, > 2) and Van Zoeren
et alll (Si(D) for v, = 6). The Si REMPI transition at 488 nm
lies within the relatively broad #B,(060) — XA(0,0,0)
absorption band of Sigl allowing the possibility that the
ionization laser pulse excites Siftagments to the dissociative
AlB; 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 SiH at 488 nm in addition to the REMPI
laser. This photolysis laser is detuned from theS)(
REMPI resonance while still overlapping the Sili!B;(060)

-— X1A(0,0,0) absorption band and accomplishes only pho-
tolysis of SiH. We generate Siffragments by IRMPD of

detected the ion signal at masses 29 and 30 rather than 28. Aftefround-state Siklusing the NH laser. The 488 nm photolysis

correction for the instrumental spectral resolution, the residual
width of 0.16 cn! is attributed to Doppler broadening,

pulse occurs 550 ns after the beginning of the IRMPD laser
pulse and 310 ns before the ionizing laser pulse. The subsequent

corresponding to a translational temperature of about 3800 K ionigation laser remains tuned to a REMPI transition of Si in
for the Si dissociation products. As a consistency check, we the °P state (408 nm) ofD state (488 nm).

can compare this value with that determined from the width of
the ion time-of-flight peaks. The typical width of a*Speak in

Figure 5 shows three mass spectra obtained after IRMPD of
ground-state Sild Trace 5(a) is obtained by Si REMPI at 408

our TOF mass spectra is about 10 ns (see, for instance, Figurenm with the photolysis laser blocked (2-laser signal). Traces
3). After deconvoluting the duration (7 ns) and the jitter (2 ns) 5(b) and 5(c) are obtained by all three lasers acting together
of the ionization laser pulse, and taking into account the 2 ns (i.e., the NH laser used for IRMPD, the photolysis laser, and
resolution of our mass spectrometer, we obtain 6.8.5 ns the REMPI laser). In the case of trace 5(b), the photolysis laser
for the duration of the ion pulses. Assuming that this arises from is tuned to the StD) resonance at 487.9 nm; in trace 5(c) it is
the thermal distribution of Si atoms, we can estimate the off-resonance. IRMPD of SiHis accomplished by using the
temperature by the expressién 889 cn1! line of the NH; laser in all cases. Note that trace 5(a)
shows a weak mass 28 signal due to the ionizing laser at 408
(rqES)2 nm, indicating the presence of &%) atoms produced either by
4km direct IRMPD of SiH, or by IRMPD of primary SiH (x = 1—3)
fragments, or by photolysis of SpHby the ionizing laser itself.
To our knowledge, Sikitransitions at 408 nm have never been
observed, although this wavelength is likely to overlap with the
the mass of Sig is the charge, anklis the Boltzmann constant.  A!B4(0,11,0)— X!A4(0,0,0) band. This transition should be
With 7= 6.5+ 0.5 ns, we obtai = 4200+ 600 K, consistent relatively weak, because the Franck Condon factor for the
with the value obtained from the Doppler width of the silicon transitions withw, > 5 drops significantly® Thus, we believe
REMPI transition. Our observation of relatively sharp REMPI that Sik photolysis is substantially less efficient at 408 nm
resonances characteristic of atomic transitions in the photodis-than at 487.9 nm. Trace 5(b) shows two mass 28 peaks. The
sociation experiments described above confirms that under thefirst one is due to the photolysis laser, which is tuned into

=

1)

where 7 is the ion pulse durationEs = 10° V/m is the
electrical field between the acceleration electroaes; 28 is
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Time delay%gz) photolysis laser ionizing laser
Figure 5. TOF REMPI spectrum of SiP) detected at 408 nm, after T I| T i T
IRMPD of SiH, (NH3 laser, 889 cm') followed by photolysis of 555 851
dissociation products by radiation near 488 nm: (a) the photolysis beam Time delay (ns)
is blocked, (b) photolysis radiation is tuned to the sami@4p- 3p'D, Figure 6. TOF REMPI spectrum of SID) detected at 487.9 nm, after

[2+2] REMPI transition ir_l Si as the ionizat_ion laser; _(c) energy of_ IRMPD of SiH, (NH; laser, 867.9 cm) followed by photolysis of
photolysis laser pulse is increased by 14 times and its frequency is gisgociation products by 488 nm radiation: (a) the photolysis beam is
detuned from the REMPI resonance. The ionization laser fires 312 ns blocked; (b) the photolysis laser is tuned to the same wavelength as
after the photolysis laser pulse. the ionization laser; (c) photolysis laser is tuned off the REMPI
resonance while its pulsed energy remains the same in all three
resonance with the SIP) REMPI transition at 487.9 nm, and  experiments. The ionization laser fires 296 ns after the photolysis laser.

the second peak is due to the ionizing laser at 408 nm. The

energy fluence is~0.5 J/cn for both lasers. The first peak () \/~
indicates the presence of ), produced either by IRMPD or

by photolysis of SiH 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(P) atoms, which is likely due to the photolysis of $iH

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) REMPI transition. This causes the © x4
first peak to disappear and the 3] signal to increase by22
times with respect to trace 5(a). The signal disappears com-
pletely when the Nkllaser beam is blocked. This indicates that
a substantial fraction of S#) atoms is produced by the
photolysis laser through dissociation of the primary IRMPD
products. Under the assumption that photolysis of,$ijdthe

408 nm REMPI laser is negligible under our experimental
conditions, we estimate that at most 4.5% of the primary IRMPD
products could be SiP) atoms. This result does not change if 1 1 T T T T 1
the photolysis laser wavelength is changed by a few tenths of # 7w B N N BB
wavenumbers around the Si REMPI transition at 487.9 nm. Atomic mass (amu)

We performed a similar series of experiments by tuning the Figure 7. TOF mass spectra of fragments created by IRMPD of
ionizing laser into resonance with the 5§ REMPI transition ground-state Silj detected by REMPI of SiD) at 487.9 nm. The

at 487.9 nm. The results are shown in Figure 6. The three masﬁspectra are labeled by the wavenumber of dissociating radiatios (NH
) ) ) aser). The relative intensities of the traces are shown as they appear

spectra are similar to those in Figure 5, except that the ionizing ;e experiment, except for the trace withs = 867.9 cnt?, which
laser probes SiD) at 487.9 nm, and IRMPD is performed by s magnified by a factor of 4. '

the 867.9 cm? line of the NH; laser, which results in an

enhancement of the peaks that correspond to the minor Siearlier set of peaks vanishes and the latter increase by about
isotopes (as explained more fully in the following section). The 2504 Taken together with the data of Figure 5, these data clearly
two-laser signal in trace 6(a) shows three peaks, correspondingngicate that the photolysis of primary IRMPD dissociation
to the three Si isotopes in th® state, produced either by  fragments by the ionization radiation is an important source of
IRMPD of SiH, and/or by photolysis of Sitby the ionizing Si atoms in both théP and!D electronic states.

laser itself. The first three peaks in trace 6(b) originate from Having characterized our REMPI detection scheme and

both dissociation and ionization of silicon isotopes by the determined ¢ f the ionizati diation that all
photolysis laser, which is tuned into resonance with th&Dgi( etermined parameters of he lonization radiation that allows
unbiased detection of all three Si isotopes, we now describe

REMPI transition at 487.9 nm. The second set of peaks - ) . )
correspond to isotopes of i) ionized by the second (ionizing) experiments where this detection tool is employed to study

laser. Although the fluence of the ionizing laser is the same as 1SOtopic selectivity in the IRMPD of silane.

that in trace 6(a), the corresponding signal in trace 6(b) is about B. IRMPD of Ground-State Silane. Figure 7 shows ion
10% less, indicating that the concentration of'B)(atoms is signals at masses 280 detected by REMPI of Si at 487.9 nm
depleted by the photolysis laser. Trace 6(c) demonstrates thatafter IRMPD of SiH, using different lines of the Nilaser.
when the photolysis laser is tuned off thelBiresonance, the  The experimental conditions are the same in each case except

v =908 cm’!
diss

v, =867.9 cm!
diss
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20 - ] 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’, 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! ammonia laser line is in close resonance with
one of the components of the split P(13) rotational transition in
29SiH,4,25 favoring dissociation of this species. In light of this,
the data of Figure 8 suggest that absorption from only one
particular rotational state 8PSiH, is saturated. In other words,
04 05 06 07 08 although the IRMPD is saturated, only a small fraction of all
irradiated molecules is dissociated. Indeed, insSédch single

J level is split by Coriolis interaction to several sublevels. A
Figure 8. Relative intensities of TOF REMPI signals of B at strong Coriolis coupling between thrg and ther, modes causes
masses 2830 as a func_tion of fluence of the NHlissociation laser this splitting to become significant for the high J states of the
tuned to the 867.9 cn line. v, 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 NEllaser (typically 0.1 cm') 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
Bind 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
intensities of ion signals at masses-Z) after dissociation with of ground state silane is isotopically selective, it is difficult to

Fhese Ir?ser Ilnefs are clpse tho thg natu_ra_l ablyndarrl]ce of Si. TE'%mplement this process for practical isotope separation because
is not the case for certain other dissociation lines, however. The + " o0\ overall dissociation yield. This problem can

mpst prortnlnent. exzmplel ongnrlch;nent Orf] thetﬁroggcts In tt'he potentially be overcome by overtone pre-excitation of molecules
minor isotopes is shown in Figure 7(c), where the dissociation directly to a high vibrational energy level, jumping over the

a_mmcl)matlaser IS tuzn; d tcc)j tgge !lnelattﬁGZj)_‘émTr_let_relatNed ¢ bottlenecks in the IRMPD process. One also expects that isotopic
S|gnas.ah rga}[sseli t??sno/ ; ﬂ']mﬁ) );t aA |sz00|a |.oanro ug Sselectivity in such approach can be higher, since it is mainly
are enricned to abou o In the fatter. AAS SNOWN In FIQUIe ©, yatermined by the pre-excitation step. The following subsection

this degree of enrichment increases further as the fluence of . : :
1 _— Lo presents our results on IRMPD of different isotopes of ;SiH
the 867.9 cm? dissociating radiation is lowered. Although the gre-excited to the first SiH stretch overtone.

signal at mass 28 increases with fluence, the signals at masse o ) . . .
29 and 30 remain about the same over the fluence range C. IRMPD of Vibrationally Pre-excited Silane. The isotopic

investigated. Such dependence suggests that dissociation ofift Of th‘i Si—l—;gstretch fundamentallhas lsjoee_n ezsstimated to be
29SiH, and 3°SiH, is already saturated at a fluence as low as -4 €T for 2°SiH, and —2.9 cn* for *°SiH,,*> and the
0.4 J/crd, at which point the concentration 3fSi the in corresponding shifts for the first SH stretch overtone should

dissociation products reaches 47% 10-fold increase overits P& nearly twice these values. To our knowledge, rotationally
natural abundance. resolved spectra of the first overtone of the—8i stretch

e 200 :
Isotopic selectivity in IRMPD of polyatomic molecules is not V|brat|pn n S'.H“ a}nd' S|H4.have never bgen aSS|gned. Thus,
new, having been first demonstrated in the mid 190% our primary objective is to find and to assign transitions in the

However, silane is different from typical working molecules excitation s'pectrum of 'Fhe fir§t SH. stretch overtone silane
for laser isotope separation by IRMPD. Usually one chooses acorr.espondlng to the minor silicon |§ot9pes. ) i
parent molecule possessing a vibrational mode with an isotopic __Figure 9(a)-(d) presents four excitation spectra in the first
shift that is at least comparable to the width of the room Si—H stretch overtone band of SiHin natural isotopic
temperature rotational contour. To achieve isotopic selectivity abundance. Each of these spectra is obtained using the IRLAPS
and efficient dissociation, the dissociation laser is tuned to the technique, but the dissociation fragments are detected differently.
low frequency side of the absorption band of the ground state /N 9(a) we use laser-induced fluorescence ofSiktich is not
molecules. Selectivity is gained over several absorption stepsisotopically selective, while in 9(bj(d) we use REMPI of Si
during the IRMPD process. The rotational identity of the first followed by mass spectrometric detection of the resulting silicon
absorption step and the exact frequency of dissociation radiationions. For comparison, we also show in Figure 9(e) a photo-
are usually not critical. In contrast, the isotopic shift in $isl acoustic spectrum of silane over the same spectral region.
rather small £1.3 and 2.6 cm! 25 for 29SiH, and 3°SiH,, By monitoring the ion signal at a particular silicon mass while
respectively), and thus the, absorption bands of the three scanning the frequency of the overtone excitation laser, we
isotopes are largely overlapped. Moreover, the high averageobtain an excitation spectrum of a single isotopic species of
frequency of the vibrational modes in Siléads to a low density ~ silane. Comparison of the isotopically selective “action” spectra
of vibrational states in the energy region of the first few steps with the photoacoustic spectrum allows assignment of some of
of IRMPD, and the large rotational constant leads to a sparsethe absorption features in the latter to transitions of the different
rotational structure-both of which make collision-free IRMPD  isotopic species. Some of these transitions are isotopically “pure”
of ground-state Sikd difficult. However, if the dissociation in the sense that they primarily belong to a single isotopic

Ion signal (V)

. . 2
Dissociation fluence (J/cm”)

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 speci&SiH,,

isotopic species. The 854 and 889crlines of ammonia laser
(i.e., traces 7(b) and 7(d), respectively) appear to be the most
efficient for dissociating ground-staté®SiH,;. The relative
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a)
LIF b
w »__._A_L.L
c)
SiH,
REMPI
“ MmzZS 28 I 2|9 I 30

Atomic mass (amu)

REMPI Figure 10. TOF REMPI mass-spectra of 8I) in dissociation products
) m=29 of SiH,4 resulting from (a) IRMPD of ground-state silane, (b) IRMPD
- of SiH, pre-excited at 4425.03 crh Trace (c) is a result of subtraction
of trace (a) from trace (b). The dissociating Nidser is tuned to the
867.9 cn! line.

REMPI
d) m=30 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
o PA rises significantly relative to that at mass 28, indicating that
pre-excitation of2°SiH, increases both the IRMPD efficiency
T TrT T T Ir T TR AT T P P e T as well as the overall isotopic selectivity of the process. The
4420 4430 4440 4450 relative intensities of the peaks in trace 10(b) imply an isotopic
Overtone excitation wavenumber (cm'l) abundance of°Si in the dissociation products of 93%. The

Figure 9. (a—d) A part of the action spectra of the first-Si stretch degree of isotopic enrichment is limited by three factors.
overtone in SiH obtained using our IRLAPS detection technique: The first is IRMPD of ground-state silane, V\.Ih'Ch prodchs a
(a) with LIF detection of Siki fragment and (b), (c), (d) with mass- _backg_round of the_other isotopes. Alth_ough this process is itself
resolved TOF REMPI detection 1Si, 2°Si, and*°Si isotopic species  isotopically selective, the selectivity is not nearly as high as
(1D state), respectively. For comparison, trace (e) shows a photoacousticthe two-laser processes and it is not necessarily selective for
spectrum of the same transition. the same isotope. The second limiting factor is the low fraction
of 29SiH, pre-excited to the first overtone level. This fraction,
species. Pre-excitation of silane through these transitions which determines the intensity of the mass-29 signal in the trace
produces vibrationally excited SjHnolecules that are highly  on Figure 10(b), is proportional to the pre-excitation laser
enriched in a single isotope of Si. If one performs selective fluence. By decreasing the fluence of the dissociating laser and/
IRMPD of these molecules, the dissociation products will be or increasing the fluence of the pre-excitation laser, the relative
enriched in one of the Si isotopes. intensity of the background signal can be suppressed and
As observed in our previous work, efficient IRMPD of silane consequently the isotopic purity of dissociation products
from the first Si-H stretch overtone level occurs only when substantially increased. Figure 10(c), which shows the difference
molecules are pre-excited to certain rotational states that depenchetween traces (b) and (a), represents the hypothetical limit for
on the frequency of the dissociation laser. This rotational the selectivity of this particular excitation scheme. This limit is
selectivity arises from the need for the dissociating radiation to determined by the spectroscopic purity of the excited overtone
maintain a close resonance with rovibrational transitions for the transition and depends on the frequency and line width of the
first few steps of multiphoton excitation. Isotopically selective pre-excitation laser.
detection of Si fragment reveals that in addition to the rotational ~We have explored different combinations of pre-excitation
selectivity, IRMPD of the pre-excited molecules is isotopically and dissociation frequencies for isotopically selective IRMPD
selective-that is, each particular line of the ammonia laser of the three isotopic species of SiHTable 1 summarizes the
favors dissociation of a particular pre-excited isotopic species most selective of these combinations. The example discussed
from a few specific rotational states (Figure 9(b),(c)). We believe above for?°Si, which uses pre-excitation at 4425.03¢nand
that the mechanism of the isotopic selectivity in IRMPD of pre- dissociation at 867.9 cm, gives the highest measured dis-
excited silane is exactly the same as the mechanism of thesociation yield and at the same time allows enrichment of the
rotational selectivity, arising from a slight difference in the dissociation products t8 99% in the minor isotope. The same
frequency of thev, transition for different pre-excited isotopic  level of enrichment can be reached #88i if 4377.62 and 854
species. cmt are employed for pre-excitation and IRMPD, respectively.
Figure 10 shows an example of Si ion time-of-flight traces For 3°Si, the maximum possible enrichment does not exceed
in the mass-range 280 from the IRMPD of silane molecules  96%.
that have been vibrationally pre-excited to the first HBistretch In addition to high isotopic selectivity, the absolute yield is
overtone. Trace 10(a) shows the signal when the overtone pre-an important characteristic of any isotope separation process,
excitation laser is blocked, while 10(b) shows the result of tuning since it is central in determining the cost. Our estimate shows
the overtone excitation laser to a strong isotopically “pure” that with the 3-5 mJ pulse energy available from our overtone
transition of?°SiH, at 4425.03 cmt. Trace 10(c) is simply the  excitation laser, we excite no more than 1% of molecules of a
difference of (b) and (a). In each case, the ammonia laser hasdesired isotopic species to the required rovibrational level at
been tuned to a line at 867.9 cf When the pre-excitation  the laser beam waist. Moreover, to preserve high selectivity,
laser is blocked, the ion signal originates from IRMPD of the the dissociating fluence should be sufficiently low, resulting in
ground-state silane. As was discussed above, this process showsissociation of only half of the pre-excited molecules. We
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TABLE 1. Summary of the Results on Isotopically Selective Infrared multiphoton dissociation of vibrationally ground-state
IRMPD of Pre-excited SiH,? SiH,4 by certain lines of an ammonia laser exhibits isotopic
excitation maximum  experimental selectivity. The dissociation products can be enriched in either
mass wavenumber relative  enrichment  enrichment of the two minor silicon isotopes?Si or 2°Si, depending on
(amu) (em™) intensity (%) (%) frequency of the dissociating laser. For example, IRMPD of
28 4244.84 0.31 >99 >96 vibrationally ground-state Sijby 867.9 cn! radiation results
4307.59 0.41 >98 >96 in more than 10-fold enrichment of dissociation product¥$i.
4356.66 1 >98 >97 However, the low density of vibrational levels for the first
ﬁg;l:g‘ll 8:22 igg Zg; sgvera_l steps of_ I_R MPD makes such isotopically selective
29 4309.85 0.36 >97 >80 dissociation inefficient.
4355.88 0.76 92 85 Both the isotopic selectivity and dissociation yield can be
4425.03 1 >99 >93 greatly increased if Silimolecules are pre-excited to the first
30 4247.00 0.19 33 19 Si—H stretch overtone level followed by IRMPD of the pre-
j%gg:gg 2'23 57,2 523 _excited §pecies._ _High e_nrichm_ent of S@eHssociati_on prod_uct§
4348.07 0.33 ~96 ~35 in a particular Si isotopic species requires certain combinations

of the pre-excitation and the dissociation frequencies (Table 1).
strong overtone transitions are shown. The absolute dissociation yieIdThe pr(?-excna_mon frequengy 'S optimized f(_)r hlg.h _|sot0p|c
is about 10 and 24 times lower, respectively,®&i and*’Si compared Selept'wty’ V_Vhlle _th(_e dlS_SOCIatlon frequency is Opt'mlzed fo_r
with 25Si. Maximum enrichment represents an upper limit for the level Maximum dissociation yield from the prepared excited rovi-
of isotopic enrichment, determined by spectral overlap of transitions brational state of a given isotopic species. At high fluence of

aThe dissociating Nkllaser is tuned to the 867.9 ciline. Only

of different isotopic species in naturally abundant SiEixperimental the pre-excitation laser, the dissociation products could in
enrichment is the level of isotopic enrichment observed in our principle be enriched up to 99% #&iSi or up to 96% inN°Si.
experiments. Although much higher than the yield of isotopically selective

) IRMPD of ground-state silane, the overall yield of the overtone
therefore expect a total yield on the order of 0.5%. For the pre.excitation-IRMPD process is still too low for a practical
process to be performed under collision-free conditions, the jmplementation of this approach to isotope separation of silicon
sample pressure should not exceed2lmbar. This results in - jith SiH, as a parent molecule. This yield is limited by low
an overall absolute yield on the order of*2@nolecules/mr sample pressure and by the small fraction of molecules in single
per laser shot. The volume near the focus, where efficient pre-ygtational states suitable for excitation. Nevertheless, as we have
excitation and dissociation take place under our conditions, iS gemonstrated in this work, the suggested overtone pre-excitation-
a few tens of mrh Therefore, we produce not more tharri0  |RMPD approach has potential for highly selective molecular
grams of?%Si per hour at more than 90% isotopic purity. This jsotope separation. If low overtone transitions of the parent
productivity is too low for practical applications. molecule can be rotationally resolved, a high degree of isotopic

The two primary factors that limit the productivity of this  selectivity can be reached in a single-stage process, even if the
process are the low power of our pre-excitation laser and the isotopic shift is too small to perform classical, isotopically
small fraction of molecules available for excitation. The latter selective IRMPD. The productivity of the process could be
has two components. Only molecules in a single rotational stateincreased by selection of parent molecules with suitable
may be pre-excited via a chosen transition, andJfer 8—12, spectroscopy, by controlling the rotational temperature of the
the fraction of molecules in these states is ony18% atroom  molecules and by improving the tunability of the dissociation
temperature. Moreover, the requirement for the process to belaser.
collisionless limits the maximum sample pressure and therefore
the total number of available molecules. It is not clear whether ~ Acknowledgment. This work has been supported by the
the process must occur in a collisionless environment, however.Ecole Polytechnique Ftérale de Lausanne (EPFL) and the
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