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ABSTRACT:

InfraRed Multi-Photon Dissociation (IRMPD) is a highly selective laser isotope separation technique.
This process consists of a sequential IR photon absorption from the ground vibrational state up to
dissociation by a molecule that contains the isotope of interest. High dissociation threshold molecules
require large intensity radiation fields. This drawback could be overcome by two-frequency IRMPD. In
this technique, a low energy laser resonant with the first energy levels guarantees isotopic selectivity
excitation and a second non-resonant large energy laser achieves molecular dissociation. The
possibility of obtaining silicon laser isotopic enrichment using SiFs as working molecule was
investigated in this work. Two-frequency IRMPD of SiF. with two TEA CO; single transverse mode
lasers was studied in a molecular jet. The dissociation process was monitored with a Time-of-Flight
mass spectrometer with UV multi-photon ionization. The excitation laser fluence and wavelength
dependence of the isotopic dissociation estimator, a, and the enrichment factor estimator, 8, were
determined and compared to those obtained in single-frequency IRMPD.
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RESUMEN:

La Disociaciéon Multifoténica InfrarRoja (DMFIR) es un método de separacidon de is6topos con laser
altamente selectivo el cual consiste en la absorcion secuencial de fotones resonantes con un modo de
vibracidon de la molécula que contiene el isétopo de interés, desde el estado fundamental hasta
sobrepasar el umbral de disociacién. Las moléculas con umbrales de disociacion alto requieren laseres
de alta energia. Esta desventaja puede superarse mediante la DMFIR con dos frecuencias. En esta
técnica, un laser de baja energia, resonante con los primeros niveles vibracionales garantiza la
selectividad isotdpica del proceso y otro, menos restrictivo en sintonia, pero de alta fluencia produce
la disociacién molecular. En este trabajo se investigd la posibilidad de obtener enriquecimiento
isotdpico utilizando SiF4 como molécula de trabajo. Se estudié la DMFIR de SiF. con dos frecuencias
provenientes de dos laseres de CO, TEA monomodo transversal en un jet molecular. Como sistema de
deteccién se utilizé un espectrémetro de masas de tiempo de vuelo con ionizacién multifoténica UV.
Se determind el efecto de la variaciéon de la fluencia y longitud de onda de los laseres de excitacion y
de disociacion sobre los valores de los estimadores a y § asociados a la eficiencia de la disociacién y al
grado de enriquecimiento isotépico obtenido, respectivamente, y se comparé con los resultados
obtenidos en la DMFIR con una sola frecuencia.

Palabras clave: separacién de is6topos, laser, silicio, disociacién multifoténica infrarroja.
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1. Introduction

At present, the electronics and microelectronics industries use natural silicon with an isotopic abundance
0f 92,2 % of 28Si, 4,7 % of 2°Siy 3,1 % of 39Si. However, the use of silicon isotopes has aroused interest due
to various applications. The removal of the 29Si and 30Si isotopes increases the thermal conductivity because
of the reduction of the defects in the crystalline network [1,2]. On the other hand, there is a growing interest
in obtaining highly enriched 28Si on account of its up-and-coming applications in quantum computing. The
presence of the 29Si and 30Si isotopes decreases the phase coherence time of qubits in quantum information
systems. Long coherence times are achieved using highly enriched 28Si [3]. On the other hand, 2°Si is used
for studying information on nuclear-spin systems [4]. In addition, 3°Si is used in neutron transmutation
doping to dope high purity silicon with phosphorus to fabricate high-power, high-voltage rectifiers and
thyristors [5]. Therefore, it is necessary to find new methods to produce highly enriched and high purity
silicon isotopes.

Laser based isotope separation techniques are promising. The InfraRed Multiple-Photon Dissociation
(IRMPD) technique uses a tunable IR laser to selectively dissociate a particular isotopic species of a
“working molecule” containing the element of interest [6]. As a result of the sequential absorption of
photons resonant with a vibrational mode of the isotopic species, it subsequently dissociates. This
technique has been the basis for the development of a 30% carbon isotope enrichment demonstration
facility in Kaliningrad, Russia [7]. It has also been applied to the development of a tritium removal process
[8].

Figure 1a schematizes the dependence of the potential energy on molecular internuclear distance. It can be
observed that molecules behave as anharmonic oscillators and, as such, the vibrational levels' spacing
decreases with increasing vibrational energy. In consequence, as the molecular excitation increases
subsequent to the absorption of several IR photons, the radiation field will come out of resonance and the
overall IRMPD yield will decrease. On the other hand, large laser fluences are needed to overcome the high
dissociation thresholds in the IRMPD of some small and medium size molecules. This leads to a power
broadening of the vibrational energy levels that reduces the dissociation selectivity. The use of two IR laser
frequencies would help to overcome these undesired effects. As shown in Figure 1b, first, alow energy laser
resonant with the first energy levels would excite the isotopic species of interest (excitation laser). This
would preclude power broadening and thus guarantee the selectivity of the excitation. A second non-
resonant high energy laser would then accomplish the dissociation of the selectively excited species
(dissociation laser).
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Fig. 1. Scheme of vibrational energy levels (a) and two-frequency IRMD of the SiF (b).
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IRMPD with TEA CO; lasers has been used with different working molecules for determining the isotopic
selectivity of silicon containing compounds. The most encouraging results have been achieved with silicon
hexafluorodisilane, Si>Fs [9-14]. However, in order to avoid the decrease of the IRMPD efficiency for 29Si and
30Si due to the different isotopic mixtures of the product such as 28SiF3; - 2930SiF3, the use of working
molecules containing only one silicon atom would be desirable. Silicon tetrafluoride, SiF4, is largely used in
the semiconductor industry but it has been scarcely studied as a possible working molecule in the Si
isotopes enrichment process by IRMPD. Lyman et al. obtained isotopic enrichment factors in 2°Si and 30Si of
1.11 in batch studies of the IRMPD of SiF.4in mixtures with H, with one CO; laser frequency [15]. In previous
works, we have used SiF4 as precursor molecule for silicon isotopics enrichment by one frequency IRMPD
with a TEA CO; laser [16-18]. In batch conditions with the addition of H» as an acceptor gas to inhibit the
fast recombination reaction of the SiFz and F radicals generated in the first step of the IRMPD, we have
obtained isotopic enrichment factors in 29Si and 39Si of 3.4 and 4.4, respectively [16,17]. In a later study in a
molecularjet [17, 18], isotopic enrichment factors in 29Si and 3°Si of 5.6 and 8.4, respectively, were obtained.

In this work, two-frequency IRMPD of SiFswas carried out in a molecular jet. Two TEA CO; single transverse
mode lasers in a collinear configuration were used as the excitation and dissociation sources. The
dissociation process was monitored with a Time-of-Flight mass spectrometer with non resonant UV multi-
photon ionization. The time delay between the sample inlet and the excitation, dissociation and ionization
lasers was varied so as to optimize the signal intensity. The two-frequency IRMPD was characterized by two
estimators: the isotopic dissociation estimator, @, and the isotopic enrichment factor estimator, §. In view
of optimizing the isotopic enrichment process, the excitation laser fluence and wavelength dependence of
a and B was analyzed. The resultant enrichment factors were compared with those obtained with single-
frequency IRMPD.

2. Method
2.a. Experimental

The vibrational frequencies of the v; mode of the different isotopic species of SiF4(1031.8 cm1, 1023 cm!
and 1014.4 cm™! corresponding to 28SiF,, 29SiF4 and 30SiF,, respectively) (Figure 2) are quasi-resonant with
the emission lines of the 9.4 um band of the CO; laser [19]. A diagram of the experimental setup which has
been detailed in reference [17] is shown in Figure 3.
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Fig.2. IR absorption spectrum of SiFs with the natural isotopic abundance. The arrows indicate the vibrational frequencies of the v
mode of the different isotopic species. The blue and red bars correspond to the excitation and dissociation lasers' frequencies,
respectively.

The gaseous sample of SiFs entered the reaction chamber through a pulsed valve, Parker Hannifin
Corporation, in the form of a jet. A Time-of-Flight mass spectrometer, Kore Technology Ltd., with UV multi-
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photon ionization with the fourth harmonic of a Nd:YAG laser, Spectra Physics, Quanta-Ray, Lab 170, (266
nm), was used to monitor the dissociation process.

Two home-built TEA CO; single transverse mode lasers were used as the excitation and dissociation sources
(Fig.1b and Fig.2). Both IR laser beams were combined in a ZnSe beam splitter and entered the high vacuum
reaction chamber (~ 2 107 Torr) through a KCl window in a collinear configuration. Both beams were
focused by a 20 cm focal length ZnSe lens into the center of the chamber where the mass spectrometer
extractor is located. The lasers' output energies were determined with Gentec joulemeters. The sample
injection and the excitation, dissociation and ionization pulses' timing was controlled by a digital delay
generator, BNC 575-8C-COM. The signals from the ion multiplier and from two photodetectors used to
monitor the IR and UV beams' intensities were recorded by an oscilloscope, Tektronix, DPO 7104 1 GHz, 10
GS/s. In order to distinguish the effect of the IRMPD, the signal acquisition was performed alternating
samples irradiated with and without the IR lasers. Thus, the UV and IR lasers worked at repetition rates of
2 Hz and 1 Hz, respectively. The excitation laser frequency was varied between 1054 cm! (9P12) and 992
cm! (10R48). The dissociation laser frequency was fixed far from resonance at 983 cm-1(10R32) and the
energy at 125 m].

TEA CO, Laser (Excitation) Nd:YAG Laser (266 nm)

~

TEA CO Laser (Dissociation)

S
= S e
A\ 0o/
SiF4

Fig.3. Experimental setup for the two-frequency IRPDM.

The time delay between the sample inlet and the dissociation and ionization lasers was varied so as to
optimize the signal intensity. The two-frequency IRMPD was characterized by analyzing the isotope
dissociation estimator, @, and the isotope enrichment factor estimator, 5, defined in Section 2b.

2.b. Analysis of data

The UV beam irradiation of the SiFs sample, used as the ionization source of the Time-of-Flight mass
spectrometer produces the following ionization and fragmentation pattern

SiFy
SiF§ +F
. hvyy ot
SiF, —— SiFf + 2F (1)
SiF* + 3F
Si + 4F

which is independent of the Si isotope present in the molecule.

Figure 4 shows a typical SiF, UV multi-photon ionization mass spectrum. It is characterized by the molecular
fragmentation described by eq. 1. As can be seen, the main peak corresponds to the SiF* ion, the height of
which will be considered thereof as representative of the parent molecule. lon peaks with m/z=47, 48 and
49 correspond to 28SiF+, 29SiF+ and 30SiF+, respectively.
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The concentration of SiF+ions obtained from the fragmentation of the initial SiF4 concentration is given by
the fragmentation probability, g, which depends on the UV wavelength, Ayy, and fluence:

[SiF*]yy = q[SiF4]o (2)
where the subscript UV refers to the sample irradiated only with the UV laser.
The irradiation of the working molecule with IR radiation leads to molecular excitation and subsequent
dissociation,
. hVIR .
SiFy —— SiF; + F 3)

The concentration of radicals of each isotopic species, m/z = 28, 29, 30, produced through dissociation is
given by:
["SiF5] = " f[™SiF4]o (4)

where mf is efficiency of the process which depends on the wavelength, fluence and [mSiF4]o is the
concentration of that species before irradiation. After the dissociation process the sample is irradiated with
the UV laser beam which produces a similar ionization and fragmentation pattern:

SiFy
h SiFf + F
SiF; —— 2 (5)
SiFT + 2F
Sit + 3F

The concentration of SiF+ions obtained is given by:
[SIF¥] = p[SiF;] (6)
where p is the fragmentation and ionization probability of SiF+.
The concentration of SiF*ions obtained after IR an UV irradiation is described as:
[MSiF*lig = p™f["SiF,] + (1 — "f)q[™SiF4]o
=p"f["SiF,]o + (1 — "f)q["SiF,],

=q["siFo {1+ (2-1)"f ) (7)
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=["SiF* Jyy {1+ (2-1) ")

where the sub-index IR refers to the sample irradiated with the IR laser beam. In contrast with the
dissociation factor mfwhich differs for each Si isotope, the fragmentation probabilities (q and p) of equation
(7) are independent of the isotopic species.

The isotopic species dissociation estimator () derived from equation (7) is defined as,

[™siFt] »
Mg = —R_1 =(2-1)" 8
S E-1)"f (8)
The isotopic enrichment factor estimator (f) is defined in a similar way:
28 28 28 28
f aj aj
B2o= 97 = 290[; Yy Bzo= 307 = 30aj, 9

Both estimators, a and 8, were determined for two different lasers’ irradiation configurations: cooperative
and non-cooperative. In the cooperative configuration, SiF, irradiation was performed with the excitation

laser preceding the dissociation laser. In the non-cooperative configuration, the irradiation order was
reversed.

3. Results

Figure 5 shows the dependence of a in the cooperative and non-cooperative configurations on the excitation
laser frequency superimposed on the SiF4 IR linear absorption spectrum. As it can be seen, the cooperative
a values exhibit a broadband resonance peaked around 1030 cm-. This result is consistent with the 28SiF,
vz mode absorption maximum frequency at 1031.8 cm'L.

@ Cooperative @ Non Cooperative IR Spectrum

. s |
2-_ ° “a0 Y %

0 —
1060 1050

T T T T
1030 1020 1010 1000 990

-1 -1
A [em]
Fig.5. Dependence of the dissociation isotope estimator, a, on the excitation laser frequency. The dissociation frequency was fixed at
983 cmL

T
1040

A comparison between single and two-frequency IRMPD is shown in Figure 6. As can be seen an
enhancement up to ten times of the isotopic dissociation is obtained with the two-frequency technique. It
must be pointed out as well that the two-frequency spectrum presents a lower red shift of about 4 cm!
compared to the ~12 cm! of the single-frequency IRMPD. This result is indicative of a clear optimization of
the molecular excitation and dissociation process.
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Fig.6. Comparison between single and two-frequency IRMPD isotope dissociation.

The isotopic enrichment factor estimator (f30) dependence on the excitation laser frequency, is shown in
Figure 7. Similar behaviours to that of the a estimators’ values of the cooperative and non-cooperative
configurations were obtained. Values of f30 2.5 times larger than those obtained with single-frequency
IRMPD were determined.
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Fig.7. Comparison between single and two-frequency IRMPD isotopic enrichment factor estimator (f30).

4. Conclusions

Two-frequency IRMPD of SiFswas studied in a molecular jet. The dissociation process was characterized by
two estimators: the isotopic dissociation estimator, @, and the isotopic enrichment factor estimator, . These
estimators were determined for two different lasers’ irradiation configurations: cooperative and non-
cooperative. In the cooperative configuration, the excitation laser preceded the dissociation laser while in
the non-cooperative configuration, the irradiation order was reversed. Both estimators” dependences on
the excitation laser fluence and wavelength were analyzed. The resultant enrichment factors were
compared with those obtained with single-frequency IRMPD.
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The fraction of dissociated molecules (28f) with two-frequency IRMPD was found to be 8 times larger than
that obtained by single-frequency IRMPD.

The isotopic enrichment factor estimator (f830) of the SiF4 IRMPD was determined for irradiation with
different emission lines of the 9.4 pm band of a TEA CO; laser. The two-frequency IRMPD produced a 2.5
times enhancement in the B30 value with respect to the single-frequency IRMPD value.

The two-frequency IRMPD has proved to be a promising technique for laser isotopic enrichment of
molecules with high dissociation threshold.
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