
 
 

University of Birmingham

Vacuum-UV fluorescence spectroscopy of SiF4SiF4 in
the range 10–30 eV
Biehl, H.; Boyle, Kenneth; Seccombe, D. P.; Smith, D. M.; Tuckett, R. P.; Yoxall, K. R.;
Baumgärtel, H.; Jochims, H. W.
DOI:
10.1063/1.474437

License:
Other (please specify with Rights Statement)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Biehl, H, Boyle, K, Seccombe, DP, Smith, DM, Tuckett, RP, Yoxall, KR, Baumgärtel, H & Jochims, HW 1997,
'Vacuum-UV fluorescence spectroscopy of SiF4SiF4 in the range 10–30 eV', Journal of Chemical Physics, vol.
107, no. 3, pp. 720-729. https://doi.org/10.1063/1.474437

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Vacuum-UV fluorescence spectroscopy of SiF4 in the range 10–30 eV. H. Biehl, K. J. Boyle, D. P. Seccombe, D. M. Smith, R. P. Tuckett,
and K. R. Yoxall, School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom, H. Baumgärtel and H.
W. Jochims, Institut fur Physikalische und Theoretische Chemie, Freie Universitat Berlin, Takustrasse 3, 14195 Berlin, Germany. The
Journal of Chemical Physics 1997 107:3, 720-729

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 09. Apr. 2024

https://doi.org/10.1063/1.474437
https://doi.org/10.1063/1.474437
https://birmingham.elsevierpure.com/en/publications/4cf99346-47e5-4c4c-85ec-bbc809580d33


Vacuum-UV fluorescence spectroscopy of SiF 4 in the range 10–30 eV
H. Biehl, K. J. Boyle, D. P. Seccombe, D. M. Smith,a) R. P. Tuckett,b) and K. R. Yoxall
School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

H. Baumgärtel and H. W. Jochims
Institut fur Physikalische und Theoretische Chemie, Freie Universitat Berlin, Takustrasse 3,
14195 Berlin, Germany

~Received 14 March 1997; accepted 10 April 1997!

The vacuum-UV and visible spectroscopy of SiF4 using fluorescence excitation and dispersed
emission techniques is reported. The fluorescence excitation spectrum has been recorded following
excitation with synchrotron radiation from the BESSY 1, Berlin source in the energy range 10–30
eV with an average resolution of; 0.05 eV. By comparison with vacuum-UV absorption and
electron energy loss spectra, all the peaks in the Rydberg spectra that photodissociate to a
fluorescing state of a fragment have been assigned. Dispersed emission spectra have been recorded
at the energies of all the peaks in the excitation spectra. Four different decay channels are observed:
~a! SiF3 fluorescence in the range 380–650 nm for photon energies around 13.0 eV,~b! SiF2
ã 3B1–X̃

1A1 phosphorescence in the range 360–440 nm for photon energies in the range 15.2–
18.0 eV,~c! SiF2 Ã

1B1–X̃
1A1 fluorescence in the range 210–270 nm for photon energies in the

range 17.0–20.0 eV, and~d! emission from theD̃ 2A1 state of SiF4
1 predominantly in the range

280–350 nm for photon energies greater than 21.5 eV. These assignments are confirmed by action
spectra in which the excitation energy of the vacuum-UV radiation is scanned with detection at a
specific~dispersed! wavelength. Using the single-bunch mode of the synchrotron, lifetimes of all the
emitting states have been measured. The lifetimes of the unassigned emitting state in SiF3, the
Ã 1B1 state of SiF2, and theD̃

2A1 state of SiF4
1 are 3.96 0.7, 11.26 1.5, and 9.166 0.02 ns,

respectively. This is the first measurement of the lifetimes of these excited states in SiF3 and
SiF2. The decay from theã 3B1 state of SiF2 has a fast component of 2.66 0.4 ns. We conclude that
the lifetime of theã 3B1 state of SiF2 is either as low as 2.6 ns or too high (t . ;200 ns) to measure
with the timing profile of the single-bunch mode of BESSY 1. If the latter interpretation is correct,
as seems likely for a spin-forbidden phosphorescence to the1A1 ground state, the 2.6 ns component
could be the lifetime of intersystem crossing from higher vibrational levels of theã 3B1 state of
SiF2 into its ground state. ©1997 American Institute of Physics.@S0021-9606~97!02727-X#
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I. INTRODUCTION

There is considerable interest in the plasma dry etch
of silicon wafers for the fabrication of microelectronic d
vices. Although fluorine-containing gases~e.g., CF4, C2F6!
have been used for many years to etch silicon, there is
uncertainty as to which volatile products desorb from
silicon surface and hence play a role in the etching proc
Etching proceeds by the formation of volatile produc
through ion-stimulated reaction between the wafer surf
and reactive neutral species generated by a radio-frequ
glow discharge. The characteristic glow from these plasm
is due to emission from electronically excited species~e.g.,
free radicals and molecular ions!. Optical emission spectros
copy has proved to be a powerful analytical tool to ident
such species present in the plasma, and it is now well es
lished that the SiF2 molecule plays an important part in th
etching process.1–3 The electronic spectroscopy of SiF2 is
now well understood by a variety of techniques, includi
absorption,4 emission,5 laser-induced fluorescence, an

a!Present address: Department of Chemistry, University of Southamp
Highfield, Southampton SO17 1BJ, UK.

b!Author to whom correspondence should be addressed.
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phosphorescence,2,6 and multiphoton ionization.7 There have
also been a number of high-qualityab initio calculations
performed on this molecule,8 however there is limited infor-
mation on the lifetimes of the excited states of SiF2. By
contrast, the spectroscopy of the SiF3 radical in the gas phas
is very poorly understood, and there has only been one re
of a dispersed emission spectrum.9 Mainly because an unam
biguous analytical sensor for the SiF3 radical has not been
established, it is still unknown whether this radical plays
important role in the fluorine etching of silicon.

In radio-frequency discharges of the kind used in plas
etching, fragment radicals and ions are created in an
defined manner by electrons whose energies include the w
range 5–30 eV. In order to understand the spectroscop
these species in more detail, we have used the more con
lable method of photon excitation of SiF4. Tunable
vacuum-UV radiation from a synchrotron source is used
cover the same energy range as the plasma electrons. I
experiments reported here, we disperse the fluorescenc
duced by tunable vacuum-UV radiation from the BESSY
synchrotron source through a~secondary! monochromator.
Such experiments are commonly performed using fix
energy metastable atom and discharge lamp sources, bu

n,
/107(3)/720/10/$10.00 © 1997 American Institute of Physics
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721Biehl et al.: VUV fluorescence spectroscopy of SiF4
rare using the lower intensity tunable dispersed radia
from a second-generation synchrotron source. Our res
complement our earlier study on SiF4

10 performed at the
Daresbury Laboratory synchrotron source~SRS! in the
United Kingdom, where we only used photon energ
greater than 20 eV giving rise to emission in the parent
SiF4

1 and detected undispersed fluorescence. Our pre
work also substantially extends that of Sutoet al.who mea-
sured absolute photoabsorption and fluorescence cross
tions for SiF4 over the range 10–25 eV.

11 They also observed
dispersed emission spectra but only at a few defined ene
using a capillary discharge lamp source.9,11Using the single-
bunch mode of the synchrotron source, we also measure
lifetimes of all the species produced in excited, fluoresc
states from SiF4 photoexcited in the vacuum-UV in the rang
10–30 eV.

II. EXPERIMENT

Experiments were performed at the BESSY 1 synch
tron storage ring in Berlin using an apparatus descri
elsewhere.12 A 1.5 m normal-incidence monochromato
~range 7–25 eV, best resolution 0.03 nm! attached to the 800
MeV electron storage ring provided a source of tuna
vacuum-UV radiation. A removable LiF window mounte
close to the exit slit of the monochromator could be used
eliminate second-order radiation for spectra recorded at
citation wavelengths longer than;110 nm. Radiation from
the exit slit of this primary monochromator passed throug
small chamber~pumped by a Balzers TPU 180 magnetical
balanced turbo pump to provide differential pumping b
tween this monochromator and the interaction region!, and
via a 1 mmslit into a small brass cube of side 20 mm whi
was cryogenically pumped by a large liquid-nitrogen tra
The sample vapor effused into this interaction region giv
a typical pressure within the first chamber of;231025

Torr; the pressure within the brass cube was higher altho
it was not possible to measure it directly. The induced flu
rescence passed through a quartz window and was dispe
by a small 20 cm focal length monochromator~Jobin Yvon
H20UV!. This secondary monochromator had no entra
slit and a fixed exit slit. In the spectroscopic experime
using the multibunch, quasi-continuous mode of the synch
tron, fluorescence was detected by a photon-counting E
9789 QB photomultiplier tube cooled to 248 K. The effecti
range of this secondary monochromator was then 190–
nm, the low wavelength being limited by the quartz opti
the high wavelength by the blaze of the grating~;300 nm!
and the quantum efficiency range of the bi-alkali photom
tiplier tube. The lifetime experiments using the single-bun
mode of the synchrotron utilised a red-enhanced Hamam
R6060 photomultiplier tube cooled to;280 K and a Jobin
Yvon H20VIS secondary monochromator~grating blaze
;450 nm!, both of which improved the sensitivity of thi
apparatus for wavelengths greater than 400 nm. The m
bunch experiments were performed with a 1.0 mm exit
on the secondary monochromator, corresponding to an o
J. Chem. Phys., Vol. 107
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cal resolution of;4 nm. In order to maximize signal, th
lifetime experiments used no exit slit at all, giving a reso
tion of ;50 nm.

In the multibunch mode, the following three experimen
were possible. First, fluorescence excitation spectroscop
which the secondary monochromator was set to zero o
and the primary monochromator was scanned. Second,
tion spectroscopy, in which the secondary monochroma
was set to a specific fluorescence wavelength (64 nm) and
the primary monochromator was scanned. Third, disper
fluorescence spectroscopy, in which the induced fluoresce
was dispersed for a fixed photoexcitation energy betwee
and 25 eV. None of the spectra have been corrected for
variation in sensitivity of the primary and secondary mon
chromators with wavelength. The scanning of both mon
chromators and the data collection were controlled usin
personal computer. Both primary and secondary monoch
mators were calibrated using the N2

1B 2Su
1–X 2Sg

1(0,0)
emission band at 391 nm whose threshold for production
18.76 eV.13 In the single-bunch mode, lifetimes of the em
ting states were measured in the following manner. T
VUV excitation wavelength (l1) and the emission wave
length (l2) were defined, with wide slits used in both pr
mary and secondary monochromators in order to maxim
the signal intensity. After shaping and discrimination, flu
rescence pulses from the Hamamatsu photomultiplier t
~rise time;1.5 ns! were used as the start signal for an Ort
567 time-to-amplitude converter. The synchrotron bun
marker~20 ps pulses every 208 ns, the transit time of el
trons around the storage ring! were also shaped and discrim
nated, and used as the stop signal. The resulting decay
were collected in real time using a multichannel analy
card mounted in a 386 personal computer. An absolute t
calibration was provided by an Ortec 462 time calibrat
The lifetime of theB 2Su

1 state of N2
1 was measured to be

6061 ns. This value is in agreement with that given in t
literature,13 confirming that collisional quenching makes n
contribution to the rate of decay of the fluorescence sig
for shorter lifetimes at the pressures used in these exp
ments. The SiF4 sample~Alpha, 99.99%! was taken direct
from a gas bottle without purification.

Preliminary experiments were performed at the U.
synchrotron source at Daresbury withundisperseddetection
of the fluorescence.12 Dispersed vacuum-UV radiation from
a 5 m McPherson normal-incidence monochromator~range
8–30 eV, optimum resolution 0.01 nm! crossed an effusive
flow of SiF4 vapor at a pressure of;131024 Torr. Fluo-
rescence induced at the interaction region was focus
through a Spectrocil B quartz window using an aluminiu
coated f575 mm spherical concave mirror onto an EM
9883 QB photomultiplier tube~range 190–650 nm! main-
tained at 298 K and used in the photon-counting mode. O
tical filters could be inserted in front of the photomultiplie
tube to isolate different emission bands. Fluorescence e
tation spectra were recorded at a resolution of 0.1 nm~;0.02
eV at 15 eV! using the quasi-continuous multibunch mode
the synchrotron, and lifetimes were recorded using
single-bunch mode~200 ps pulses every 320 ns! with similar
, No. 3, 15 July 1997
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722 Biehl et al.: VUV fluorescence spectroscopy of SiF4
electronics to the BESSY 1 experiments. The main adv
tage of this apparatus compared to that used in Berlin is
it is sensitive to visible radiation withl.;450 nm,
whereas the Berlin apparatus used for the multibunch exp
ments has very limited sensitivity in this region of the visib
spectrum. The Daresbury apparatus does, however, have
principal disadvantages. The region of the UV/visible sp
trum where fluorescence is observed can only be determ
very approximately by the use of broad band or cut-on filte
because the fluorescence is not dispersed through a se
ary monochromator. In addition, second-order radiation
the range 11–18 eV from the grating of the McPherson
mary monochromator was significant at the time our exp
ments were made. Very strong, nonresonant emission f
the D̃ 2A1 state of SiF4

1 ~threshold521.5 eV10,14! meant that
there was a significant background signal in the range 11
eV caused by parent ion emission being excited by seco
order radiation from 22–36 eV. This was particularly unw
come when making the single-bunch lifetime measureme
of the much weaker SiF3 and SiF2 emissions induced by
photons in the range 12–19 eV in first order. Hence it w
impossible to measure these lifetimes without the decay
the signal being dominated by SiF4

1 D̃-state emission~t
5 9.3 ns10!.

The lifetime data were analysed using a nonlinear le
squares program,FLUOR,15 developed by staff at the Dares
bury Laboratory. The measured fluorescence signal is n
simple decay, but is a convolution of the fluorescence de
with a ‘‘prompt’’ instrument component, plus a backgroun
The prompt component is the average time profile of
single bunch in the storage ring convoluted with the respo
time of the photomultiplier tube and the associated detec
electronics. The signal observed with no gas present, ari
from scattering of the synchrotron radiation, offers a reas
able approximation to the prompt component of the m
sured fluorescence. This ‘‘prompt signal’’ was measu
prior to the lifetime decays for SiF4 at BESSY 1. The scat
tered light was maximized by setting both monochromat
to zero order, i.e.,l15l250. A model, either the sum o
one or two exponential functions, was chosen to repres
the time behavior of the fluorescence. The choice of mo
depended on whether one or two emissions were being
cited at a particular excitation wavelengthl1 , and whether
l2 was set to zero order or not. The model function co
then be convoluted with the prompt signal and fitted to
experimental data by minimizing the Poisson-weighted s
of the squares of the residuals to obtain experimental va
of the lifetimes (t1 ,t2), amplitudes (A1 ,A2), and the back-
ground (B), where

y5A1 exp~2t/t1!1A2 exp~2t/t2!1B.

If the decay times are very much longer than the duration
the prompt signal, it is possible to use a model funct
without this convolution procedure. However, since all t
lifetimes of emitting states of SiF4

1, SiF3, and SiF2 are less
than ;10 ns and the response time of the photomultip
tube is as long as 1.5 ns, we found it essential to deconvo
the prompt signal from our lifetime data. We believe that t
J. Chem. Phys., Vol. 107
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procedure is superior to that we have used in the pas
analyze single-bunch lifetime data, where we have sim
ignored that part of the decay in the first 3 to 4 ns after
excitation pulse.10,16 This procedure works satisfactorily fo
lifetimes greater than;30 ns, but is not appropriate if ther
are emitters present with lifetimes comparable to the
sponse time of the detection electronics.

III. THERMOCHEMISTRY OF SiF4 AND SiF4
1

The thermochemistry of the valence states of SiF4
1 and

of the dissociation channels of SiF4 to neutral products is
shown in Table I. The electron configuration of the fiv
highest-occupied outer-valence molecular orbitals of SiF4 is
•••(2a1)

2(2t2)
6(1e)4(3t2)

6(1t1)
6, where the numbering

scheme only involves those orbitals formed from Si 3s,3p
and F 2s,2p atomic orbitals. Adiabatic ionization potentia
~IP! are given in Table I, the data mostly being taken fro
our recent threshold photoelectron study.14 There is some
doubt about the adiabatic IP to the ground state of the
because, like all MX4 molecules, SiF4 undergoes extensive
Jahn–Teller distortion upon ionization such that the Franc
Condon factor at threshold is very small. From studies
charge-transfer reactions of atomic ions with SiF4, Kickel
et al.20 obtained a much lower value for the adiabatic IP
15.2960.08 eV. However, this value was not obtained d
rectly ~unlike that from photoelectron spectroscopy!, but
rather from a fit to the variation of reaction cross sections

TABLE I. Energetics of dissociation channels of SiF4 and SiF4
1.

Neutral/parent
ion

Dissociation
channel

Dissociation
energy/eV

Adiabatic ~vertical!
IP/eVa

SiF4
1 D̃ 2A1 21.55~21.55!

SiF2
11F2 20.92

C̃ 2T2 19.30~19.46!
SiF X 2P13F 18.58

B̃ 2E 18.0b~18.0!

Ã 2T2 17.1~17.4!

SiF2 Ã
1B112Fc 17.15

SiF X 2P1F21F 16.98
SiF3

11F 16.21

X̃ 2T1 15.8~16.5!

SiF2 Ã
1B11F2 15.55

SiF2 ã
3B112Fd 14.94

SiF2 ã
3B11F2 13.34

SiF2 X̃
1A112F 11.68

SiF2 X̃
1A11F2 10.08

SiF3* ~480 nm!1F >9.76e

SiF3 X̃
2A29(?)

f1F 7.18

SiF4 X̃
1A1 0

aReference 14.
bReferences 17 and 18.
cReference 7~a!.
dReference 6.
eThe minimum energy of the SiF3*1F channel of 9.76 eV assumes th
emission at 480 nm occurs to the ground electronic state of SiF3. The
energy of this channel will be higher if emission occurs to an excited st
The maximum energy of SiF3*1F is the threshold for fluorescence atl
.380 nm of 12.460.1 eV ~Sec. V!.
fSymmetry of the ground electronic state of the CF3 radical ~Ref. 19!.
, No. 3, 15 July 1997
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723Biehl et al.: VUV fluorescence spectroscopy of SiF4
the threshold region to an empirical model. We theref
prefer to use the value obtained directly from threshold p
toelectron spectroscopy. The energies of the neutral disso
tion channels of SiF4 are calculated from the heats of form
tion of SiFx (x51–4) and F given by Fisheret al.21 These
values come from the same study of charge-transfer reac
of atomic ions with SiF4 as mentioned above, with values fo
SiF2 and SiF3 being up to 1 eV different from those given i
the JANAF tables.22 The excitation energies of the~0,0!
bands of theÃ–X̃ and ã–X̃ transitions in SiF2 are 5.47 and
3.26 eV, respectively.6,7 The visible emission spectrum o
SiF3 covering the range 350–850 nm

9 is very poorly charac-
terized. The symmetries of the states involved in the tra
tion are unknown, and it is not even known whether t
lower state of this transition is the ground electronic state
the radical. The energy of the SiF3*1F channel, spanning th
range 9.76–12.4 eV, is discussed in Sec. V.

IV. RESULTS

The fluorescence excitation spectrum of SiF4 between 10
and 26 eV recorded at BESSY with an optical resolution
0.2 nm and the secondary monochromator set at zero ord
shown in Fig. 1. A very similar spectrum was also obtain
at Daresbury. The spectrum is dominated by a nonreso
peak with threshold at 21.5 eV whose shape is character
of a photoionization process.10 This energy corresponds t
the adiabatic IP of theD̃ 2A1 excited valence state o
SiF4

1. Fluorescence from this state has been observed in
lier fluorescence excitation studies,10,11 in coincidence
experiments,14 and in high-resolution emission studies b
tween bound states of SiF4

1.23 This process is nonresona
because, as in photoelectron spectroscopy, the ejected
tron can carry away the excess energy, and the emis
intensity above threshold is governed essentially by
variation of the partial ionization cross section of the em
ting state~i.e., SiF4

1D̃ 2A1! with energy. Thus fluorescence

FIG. 1. Fluorescence excitation spectrum of SiF4 between 10 and 26 eV
recorded at the BESSY 1 synchrotron source with an optical resolutio
0.2 nm, equivalent to a resolution of;0.05 eV at 17 eV. The fluorescenc
has not been normalized to the vacuum-UV radiation from the prim
monochromator.
J. Chem. Phys., Vol. 107
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still observed for photon energies in excess of 10 eV ab
threshold.10 This nonresonant peak is also observed in Fig
with a threshold of 10.75 eV, due to second-order radiat
from the primary monochromator. Much weaker reson
peaks are observed in the fluorescence excitation spectru
energies of 13.0, 13.9, 14.8, 15.95 , 18.1, and 19.5 eV. The
peak at 13.0 eV~which in our spectrum appears as a should
on the side of the second-order nonresonant peak at 1
eV! has been observed previously by Sutoet al.11 whereas
the other peaks are observed here for the first time in suc
experiment. They all have shapes consistent with a photo
sorption rather than a photoionization process, where
each peak the excitation spectrum increases from thres
as the photon energy scans through the Franck–Condon
gion of the excited~usually Rydberg! state of SiF4, reaches a
maximum, and recedes to the baseline. Note however in
insert to Fig. 1 that the baseline does not correspond to z
signal, but to a background level due to the second-or
nonresonant emission from the SiF4

1D̃ state. The emitter may
either be the excited state itself or a fluorescing fragm
formed from its ~pre-!dissociation. We show later that th
latter process is always occuring.

Dispersed emission spectra between 190 and 450
recorded at primary photon energies corresponding to
major peaks in the fluorescence excitation spectrum
shown in Fig. 2. At an energy of 21.8 eV@Fig. 2~d!#, emis-
sion originates solely from theD̃ 2A1 state of SiF4

1. The
spectrum is dominated by a broad band centered at 310
which was first observed by Aarts.24 This band is assigned to
bound-free emission to the repulsiveÃ 2T2 state of the par-
ent ion which dissociates directly to SiF3

11F.14 Much
weaker peaks centered at;250 and 380 nm are due to emi
sion to theX̃ 2T1 and B̃ 2E states of SiF4

1. Transitions to
both these states are formally forbidden by optical selec
rules. TheD̃ 2A1–C̃

2T2 band of SiF4
1 shows discrete rovi-

brational structure for low vibrational levels of theC̃ state,23

but its band center at 551 nm is outside the sensitivity ra
of the dispersive secondary monochromator used here. N
that the difference in the vertical ionization energies of t
valence bands of SiF4

1 predicts emissions at;250(D̃–X̃),
290(D̃–Ã), 350(D̃–B̃), and 580(D̃–C̃) nm, in good agree-
ment with the experimental values. At an excitation ene
of 13.0 eV@Fig. 2~a!# the spectrum is dominated by a ban
covering approximately the same wavelength range as tha
SiF4

1D̃–Ã. We assign this band either to SiF4
1D̃–Ã emission

produced by second-order radiation at 26.0 eV from the
mary monochromator or to SiF3. Most likely, the signal is
due to both processes, although there is some evidence
the lifetime measurements that the former process domin
~Sec. V!. Emission is also produced atl.450 nm due to the
SiF3 radical ~see below!, but the secondary monochromat
and photomultiplier tube used in these experiments is ins
sitive to these longer wavelengths. The dispersed spect
excitation energies of 13.9 and 14.8 eV are very similar
that in Fig. 2~a!, and are not shown. At an energy of 15.9 e
@Fig. 2~b!#, in addition to the 280–340 nm band which w
assign primarily to SiF4

1D̃–Ã produced by second-order ra

of

y
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724 Biehl et al.: VUV fluorescence spectroscopy of SiF4
diation at 31.8 eV, a new band between 360 and 440 nm
observed. This is the wavelength range where the s
forbidden transition in SiF2 from the lowest triplet state
ã 3B1 , to the ground state,X̃ 1A1 , occurs. This spectrum
was first observed in emission with vibrational resolution
Rao25 who confirmed that the lower state was indeed
ground electronic state, and very recently has been part
rotationally analyzed in a laser-induced phosphoresce
study by Karolczaket al.6 At an excitation energy of 18.1 eV
@Fig. 2~c!#, in addition to the 290–340 nm band which is no
very weak, a new UV band between 220 and 280 nm
observed, in exact agreement with the range of wavelen
over which the SiF2 Ã

1B1–X̃
1A1 transition occurs.2,4,5,7

Figures 3~a!–3~c! show three action spectra where t
primary monochromator is scanned for detection of fluor
cence at a specific wavelength,l264 nm. The values of
l2 were determined by choosing suitable peaks from
dispersed emission spectra~Fig. 2!. Thus, action spectra
were recorded atl25225 nm corresponding to the peak
SiF2 Ã–X̃ emission, 310 nm corresponding to SiF4

1D̃–Ã
emission, and 400 nm corresponding to SiF2 ã–X̃ emission.
Not surprisingly, the action spectrum at 310 nm@Fig. 3~b!#

FIG. 2. Dispersed emission spectra for SiF4 photoexcited at~a! 13.0, ~b!
15.9, ~c! 18.1, and~d! 21.8 eV. The optical resolution was;4 nm. No
attempt has been made to allow for the variation of sensitivity of the de
tion system with wavelength, but it is predicted to decrease rapidly fol
.450 nm. Assignments of the main emission bands are given. Note tha
photon energies below 20 eV, the SiF4

1D̃–Ã band arises due to second
order radiation from the primary monochromator.
J. Chem. Phys., Vol. 107
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almost mimics the excitation spectrum~Fig. 1 where
l250! since SiF4

1D̃–Ã emission is the most intense band
the excitation range 10–26 eV. Action spectra at 225 a
400 nm are dominated by broad bands peaking at 18.1
15.9 eV with thresholds at 17.460.2 and 15.260.2 eV. In
the ranges 17–20 eV and 15–18 eV emission is mainly
served from theÃ 1B1 and ã 3B1 states of SiF2, respec-
tively. The weak peak in both Figs. 3~a! and 3~c! with a
threshold at 21.5 eV is due to emission from theD̃ 2A1 state
of SiF4

1 which still has weak remnants at 225 nm~due to
SiF4

1D̃–X̃! and 400 nm (SiF4
1D̃–B̃). Figure 3~d! shows the

excitation spectrum between 10 and 20 eV recorded
Daresbury with a resolution of 0.1 nm with detection of u
dispersed fluorescence through a visible cut-on filter~Schott
LF 399!. The effective range of wavelengths over whic
emission is observed in this experiment is th
;380–650 nm, and as such this constitutes a very lo
resolution action spectrum. It can clearly be seen that
peak at 13.0 eV in the excitation spectrum gives rise p

c-

or

FIG. 3. Action spectra of SiF4 recorded at the BESSY 1 synchrotron sour
between 10 and 26 eV with detection of fluorescence at~a! 22564, ~b!
31064, and ~c! 40064 nm, respectively. These three wavelengths cor
spond primarily to the peaks of the SiF2 Ã 1B1–X̃

1A1 , SiF4
1D̃ 2A1–

Ã 2T2 , and SiF2 ã
3B1–X̃

1A1 bands.~d! Fluorescence excitation spectrum
of SiF4 recorded at the Daresbury synchrotron source with an EMI 9883
photomultiplier tube filtered to detect fluorescence only in the range 3
650 nm. Emission in this range is primarily due to the visible band
SiF3 ~Ref. 9!. The optical resolution is 0.2 nm in~a!–~c!, 0.1 nm in ~d!.
Fluorescence has not been normalized to the VUV radiation from the
mary monochromator in any of the spectra.
, No. 3, 15 July 1997
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TABLE II. Lifetimes of emission bands observed from VUV excitation of SiF4 in the range 10–26 eV.

E1 /eV
l2 /nm

(650 nm) tn /ns An

Reduced
x2 Emitter~s!

13.0 0 3.060.8 1.060.5 2.42 SiF3* ,SiF4
1D̃ 2A1

9.661.0 0.860.3
13.0 310 9.360.3 0.97 SiF4

1D̃ 2A1

13.0 480 3.960.7 1.71 SiF3*
15.9 0 2.660.4 1.060.1 1.29 SiF2 ã 3B1 ,SiF4

1D̃ 2A1

10.661.4 0.460.1
18.1 0 11.061.0 1.78 SiF2 Ã

1B1 ,SiF4
1D̃ 2A1

18.1 225 11.261.5 2.01 SiF2 Ã
1B1

21.8 310 9.1660.02 1.33 SiF4
1D̃ 2A1
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dominantly to visible emission, as has been observed by S
et al.9 with fixed-energy discharge lamp sources. We sh
later that this emission is due to the SiF3 radical. From Fig.
3~d! we also determine the threshold for production
SiF3* to be 12.460.1 eV.

Lifetimes of the emissions induced in SiF4 at excitation
energies of 13.0, 15.9, 18.1, and 21.8 eV were measu
using the single-bunch mode of the BESSY source. As m
tioned in Sec. II, these experiments used a fast Hamam
R6060 photomultiplier tube and a secondary monochrom
~JY H20VIS! with a grating blazed at a longer waveleng
than that used in the multibunch experiments. Both fact
increased the sensitivity range of the secondary monoc
mator in the visible region, and for the first time made t
observation of emission in SiF3 at l.400 nm possible a
BESSY 1. Resolution of both monochromators was degra
to increase flux. In nearly all cases lifetimes were record
both with the secondary monochromator set to zero or
and to the wavelength~s! at which the emission spectrum
maximizes. Typical accumulation times were 30–120 m
per decay. The lifetimes were analyzed both by single-
double-exponential functions, with deconvolution of t
prompt signal~no gas,l15l250! as described in Sec. II. In
choosing the best fit, consideration was given to minim
the reduced chi-squared values, to minimize the pairw
correlation functions of the fitted parameters, and to ens
both that the residuals of the fit showed nonsystematic tre
and that the fitted background agreed with its experime
value. The results of the best fits are shown in Table II, a
typical decays from SiF4 excited at 13.0 eV withl250, 310
and 480 nm are shown in Figs. 4~a!–4~c!, respectively.

V. DISCUSSION

First we consider the assignment of the peaks in
fluorescence excitation spectrum~Fig. 1!. Since the three
highest occupied molecular orbitals of SiF4 ~i.e., 1t1 , 3t2 ,
and 1e! are essentially nonbonding orbitals located on
fluorine atoms,26 the lowest principal quantum number fo
Rydberg states originating from these orbitals is expecte
be n53. The next two highest orbitals, 2t2 and 2a1 , are
essentially Si–Fs bonding in character,26 and therefore the
lowest principal quantum number for Rydberg states deri
from these orbitals isn54. The peaks we observe at 13.
J. Chem. Phys., Vol. 107
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14.8, and 15.9 eV are observed in absorption,11 albeit with
very different intensity ratios. These three peaks and
peaks at 13.9 and 19.5 eV are also observed by elec
energy loss spectroscopy~EELS!,27 although the latter two
peaks are observed at slightly different energies of 13.75

FIG. 4. Decay of the fluorescence following excitation of SiF4 at 13.0 eV
with single-bunch, pulsed radiation from the BESSY 1 synchrotron sou
The secondary monochromator is set to~a! l250, ~b! l25310, and~c!
l25480 nm, respectively. Each spectrum shows the experimental
points, the prompt signal~dashed line!, and the fit to the data~solid line!
using the method described in Sec. II. The time calibration is 0.3125 ns
channel. In~a!, emission is due to SiF3* and SiF4

1D̃ 2A1 , and the decay fits
best to a bi-exponential function witht153.060.8 andt259.661.0 ns
with approximately equal amplitudes (A1'A2). In ~b!, emission is only due
to SiF4

1D̃ 2A1 , and the decay fits best to a single exponential function w
t59.360.3 ns. In~c!, emission is only due to SiF3* , and again the decay fits
best to a single exponential function witht53.960.7 ns.
, No. 3, 15 July 1997
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TABLE III. Peak positions and assignments from fluorescence excitation spectroscopy of the Rydbe
ionic states of SiF4 in the range 10–26 eV that lead to fluorescence, and assignments of the fluore
fragments/ions and their lifetimes.

E/eVa Assignment ~IP-E!/eV (n2d) db Emission range/nm Emitter Lifetime/ns

13.0 (1t1)
213p 3.5 1.97 1.03 ;380–800 SiF3* 3.960.7

or (3t2)
213s 4.4 1.76 1.24

13.9 (3t2)
213p 3.5 1.97 1.03 ;380–800 SiF3* 3.960.7

14.8 (1t1)
213d 1.7 2.83 0.17 ;380–800 SiF3* 3.960.7

or (1e)213p 3.2 2.06 0.94
15.95 (3t2)

213d 1.45 3.06 20.06 ;360–440 SiF2 ã
3B1 2.660.4c

or (3t2)
214p 1.45 3.06 0.94

18.1 (2t2)
214p 1.36 3.16 0.84 ;220–280 SiF2 Ã

1B1
11.261.5

19.45 (2a1)
214s 2.1 2.54 1.46 ;220–280 SiF2 Ã

1B1
11.261.5

21.5d (2a1)
21→SiF4

1 D 2A1 ;280–350 SiF4
1D̃ 2A1 9.1660.02

aEffects of second-order radiation producing SiF4
1D̃-state emission at excitation energies less than 21.5 eV

ignored in this Table.
bQuantum defect,d, defined by the equationE5IP-@RH /(n2d)2#, whereRH is the Rydberg constant andn is
the principal quantum number of the Rydberg orbital. Calculated using the appropriate vertical ioni
potentials for SiF4 from threshold photoelectron spectroscopy~Ref. 14!.
cIt is unclear whether this is the lifetime of fluorescence or of intersystem crossing~see the text!.
dThreshold for fluorescence, not peak position.
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19.65 eV in that study. The peak at 18.1 eV is not obser
by these other two complementary techniques. We comm
however, that only those Rydberg states of SiF4 which dis-
sociate to a fluorescing excited state of a fragment of SiF4 are
observed in our experiment, whereas both absorption
EELS may be used to observe all the Rydberg states wh
transitions from the ground state are allowed by optical
lection rules. Furthermore, both spin and orbital select
rules are not particularly strict in EELS, especially at hi
scattering angles, so that many more peaks are observed
in the absorption spectrum over the same region.27 Using
approximate values for the predicted quantum defects
ns, np, andnd Rydberg orbitals centered on F~Si! atoms of
d51.20(1.80), 0.75~1.36!, and 0.0~0.10!,28 respectively, and
vertical IPs for the five valence orbitals of SiF4 given in
Table I, we can make assignments of the peaks in the fl
rescence excitation spectrum~Table III!. Due to the low
resolution of the spectrum and the uncertainty in the ioni
tion thresholds to which the possible Rydberg series c
verge, they do not represent a unique set of assignments
there are blends. However, with the exception of the tra
tion to the (2a1)

214s Rydberg state at 19.5 eV, transition
to all the other states from the ground state of SiF4 are opti-
cally allowed.

The nature of the emitters of the fluorescence induce
the excitation range 10–25 eV is now discussed. First,
consider the emission excited at 13.0 eV. Figure 3~d! shows
that emission over the excitation range 12.4–13.6 eV occ
in the visible region with wavelengths in the rang
;380–650 nm. In theory, the emitter could be the par
molecule, SiF4, or a fragment. However, the evidence bo
from absorption and electron energy loss spectroscopy is
SiF4 is transparent in the vacuum-UV below 11 eV, and
valence states of the molecule exist;2 to 3 eV below the
excitation energy of 13.0 eV. Therefore, emission in the p
ent molecule can be discounted. The strongest reason
J. Chem. Phys., Vol. 107
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assigning the emission to the SiF3 radical are not spectro
scopic, but thermodynamic. The ground state of SiF31F is
calculated to occur at 7.18 eV, so emission in the visi
region is energetically possible for an excitation energy
13.0 eV. The ground states of SiF2(X̃

1A1) and SiF(X 2P)
lie higher in energy at 10.08 and 16.98 eV, and SiF emiss
can therefore be discounted immediately. The lowest exc
state of SiF2, the ã

3B1 state, lies 3.26 eV above the groun
state,6 so the threshold energy to produce SiF2 ã

3B1 is 13.34
eV, above the experimentally-determined threshold of 1
60.1 eV. Data on the electronic spectroscopy of SiF3 is
scarce, and no microwave nor infrared spectrum of this ra
cal in its ground electronic state in the gas phase have b
reported. The first assignment of any emission to SiF3, that
obtained in the region 210–260 nm by Wanget al.29 by pass-
ing SiF4 through a microwave discharge, has subseque
been shown to be incorrect, and all the observed bands
due to SiF2 Ã–X̃. There have been two observations of
broad, visible emission band~lpeak5632 nm, FWHM5240
nm! from the reaction of fluorine atoms produced in a d
charge flow system with single-crystal silicon samples1,2

Both studies have assigned this emission to the SiF3 radical.
However, this assignment has been made more on the b
that the emission isnot due to any known band system i
SiF2 or SiF, than due to a detailed knowledge of the sp
troscopy of SiF3. The problem with all these experiment
techniques is that the excitation energy is not controlled. T
only previous study using vacuum-UV photon excitati
prior to our work is that of Sutoet al. They dispersed the
emission induced from both SiF4

9 and SiF3H
3 excited with

fixed-energy discharge lamp line sources between 90
100 nm. The emission from the lamp was passed through
m VUV monochromator before impacting on the sample.
both cases, two bands were observed by a red-sens
~190–800 nm!, cooled photomultiplier tube—one betwee
, No. 3, 15 July 1997
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727Biehl et al.: VUV fluorescence spectroscopy of SiF4
290 and 340 nm, and another much broader band betw
350 and 800 nm. Although the former band covers almos
identical region to the SiF4

1D̃–Ã band, second-order radia
tion cannot be the cause since the emission source is
continuous. They assigned both bands to the SiF3 radical,
and commented that the spectra were similar to that in3
where a discrete UV band~between 200 and 300 nm! and a
broad visible band~between 400 and 800 nm! are known to
exist.30

While the assignments of the spectra in CF3 have been
supported byab initio calculations,19 there have been no ca
culations on the energies of excited states of the SiF3 radical.
It seems clear that the emission we observe in Fig. 3~d! at
l.380 nm is the same broad visible band between 350
800 nm observed by Sutoet al.,3,9 and is probably the sam
emission as that observed in the plasma-simulated exp
ments peaking at 632 nm.1,2What is not clear is whether thi
emission occurs to the ground state or to an excited stat
the radical. The large width of the band suggests that em
sion occurs to an excited state of SiF3 which is repulsive in
the Franck–Condon region, a situation similar to that
CF3.

19 If this is the case, we can calculate an upper limit
the energy of this lower state relative to the ground state
SiF3. We have measured the lifetime of this emission w
the secondary monochromator,l2 , set at 480650 nm near
to the peak of the emission spectrum,9 corresponding to a
photon energy of 2.5860.25 eV. The minimum energy o
the emitting state in SiF3 is then 9.76 eV~Table I!, so for this
emission to be observed at a threshold energy of 12.4 eV
excited state of SiF3 to which emission occurs must lie les
than;2.6 eV above the ground state. Note that theab initio
calculations on CF3 predict that the lower state of its visibl
band lies;4 eV above the ground state.19 There is also
some evidence that the ground state of SiF3 is bound, in that
its lifetime is long enough for electron-impact ionisatio
cross-section measurements to be made on the radical
charge-transfer experiment.31

The UV band between 290 and 340 nm, which was
served by Sutoet al. from photodissociation of SiF4 at 13.0
eV @Fig. 1~b! of Ref. 9# and assigned to a different emissio
in the SiF3 radical, covers an almost identical range to t
SiF4

1D̃–Ã band. Two factors suggest that the former em
sion dominates in their spectrum while the latter produced
second-order radiation from the excitation source is do
nant in ours. First, whilst our excitation source is monoch
matised continuous radiation from a synchrotron, theirs u
line sources from a capillary discharge lamp. Therefo
while second-order radiation will be a problem in our expe
ment, as we have observed before,12 it seems highly unlikely
to be the case in theirs. Second, we have measured the
time of the emission~s! excited at 13.0 eV withl2 set to zero
order, to 310, and to 480 nm~Table II!. With l250 the
decay fits best to a double exponential of approximat
equal amplitudes (A1'A2) with t153.060.8 andt259.6
61.0 ns, implying that two emitters are present. Withl2

5310650 nm and hence isolating the UV emission, a sin
exponential decay is observed witht59.360.3 ns. This
J. Chem. Phys., Vol. 107
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value is in excellent agreement both with that obtain
previously10 and with that obtained in this work (9.1
60.02 ns) when SiF4 was excited at 21.8 eV into the
D̃ 2A1 state ionic continuum~Table II!. With l25480
650 nm, a single exponential decay is also obtained w
t53.960.7 ns. This value ofl2 was chosen as a compro
mize to maximize the SiF3 visible emission while minimiz-
ing emission from the SiF4

1D̃ 2A1 state.
9,24We conclude that

the lifetime of the electronic state of SiF3 giving rise to the
visible emission band is 3.9 ns, and that in our experim
the band observed simultaneously between 290 and 340
is predominantly due to emission from the SiF4

1D̃ 2A1 state
produced in second order, and not due to another emit
state of SiF3. It is worth noting, however, that Sutoet al.9

found that the relative intensity of the SiF3 UV band com-
pared to that of the visible band changed with excitat
energy, implying that the two emissions have different up
states. It is possible, therefore, that the lifetime of the el
tronic state giving rise to SiF3 UV emission coincidentally
has the same value as that of the SiF4

1D̃ 2A1 state. On bal-
ance we believe this to be unlikely. It is clear, however, th
high qualityab initio calculations are needed on the spect
scopic and dynamical properties of excited electronic sta
of SiF3, and it is hoped that this work will stimulate suc
studies.

We now consider the emission from SiF4 excited at 15.9
eV. In addition to the 290–340 nm band, a new band
tween 360 and 440 nm is observed. This band is assigne
the ã 3B1–X̃

1A1 spin-forbidden transition in SiF2. First ob-
served in emission at vibrational resolution by Rao,25 the
origin band of this electronic transition has now been o
served with almost complete rotational resolution.6 The rota-
tional analysis has determined the geometry of theã 3B1

state to ber (Si–F)51.586 Å andq(FSiF)5113.1°, com-
pared with ground state values from microwave spectrosc
of 1.591 Å and 101.0°, respectively.32 The intensity distribu-
tion of the rotational branches in the laser-induced phosp
rescence spectrum suggest that the triplet–singlet trans
gains oscillator strength primarily by spin–orbit coupling
the ã 3B1 state with higher-lying singlet states ofB2 sym-
metry. The lowest such state in SiF2 is the valence state a
161 nm,33 4.44 eV above theã 3B1 state. There have bee
no experimental determinations of the lifetimes of eith
state, although a recentab initio study has calculated th
lifetime of thisB̃ 1B2 state to be 11.5 ns.

8 We have measured
the lifetime of the emissions excited at 15.9 eV withl2 set to
zero order~Table II!. Unfortunately, measurements were n
made atl25400 nm, isolating the SiF2 ã–X̃ emission. A
double-exponential decay is obtained witht152.660.4 and
t2510.661.4 ns, the shorter lifetime component havin
over twice the amplitude of the longer. The 10.6 ns com
nent is probably due to the SiF4

1D̃ 2A1 state, and it therefore
suggests that the lifetime of the SiF2 ã

3B1 state is 2.6 ns.
This is an exceptionally small value for a metastable sta
and could only result if the spin–orbit coupling with1B2

states is so strong that it is inappropriate to describe
ã 3B1 state as a triplet. The other possibility is that the lif
, No. 3, 15 July 1997

to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html.



re
i.e

ca
i
n
e
te
it

on
s
th

he
i-
f
-
o

te
n
p

e

be

al
o
C

34
s
a

e
ra
o
a

e

ob
.
is

-

ch

of
r

no
so-

-

wo
to
a-
eri-

ro-

sser
ter-

m.
ce,
ure-

e

ary
at-

iF

e

he

es-
-
tral
our
ion

s
rom
oc-

728 Biehl et al.: VUV fluorescence spectroscopy of SiF4
time of theã 3B1 state is much longer than can be measu
with a pulsed source with only 208 ns between pulses,
t.;200 ns, but this leaves unanswered the question
what is the cause of the 2.6 ns component in the de
Karolczaket al.6 observed a sudden decrease in intensity
their laser-induced phosphorescence study for vibratio
levels n28.2. They speculated that a rapid nonradiative d
cay channel~e.g., intersystem crossing to the ground sta!
turns on at these excited state vibrational energies, and
just possible that this process is the cause of the 2.6
component.34 Obviously lifetime measurements as a functi
of vibrational state ofã 3B1 are needed to confirm thi
theory, whereas our experiment only gives a value of
lifetime for the range of vibrational levels ofã 3B1 popu-
lated by photodissociation of SiF4* . Our experiment also
gives no information on whether the other product of t
photodissociation is F2 or F1F. Both channels are energet
cally possible ~Table I!; the threshold for production o
SiF2 ã

3B1 , 15.260.2 eV, lies;0.3 eV above the dissocia
tion energy to SiF2 ã

3B112F, and 1.9 eV above that t
SiF2 ã 3B11F2. Direct dissociation of the
(3t2)

213d/(3t2)
214p singlet Rydberg state~s! of SiF4 to

SiF2 ã
3B11F2 X

1Sg
1 is formally spin forbidden, although

if the ã 3B1 state acquires substantial singlet charac
through spin–orbit mixing this selection rule is relaxed. Co
versely, if photodissociation occurs sequentially in two ste
@SiF4*→SiF3*1F(2P)→SiF2 ã

3B1 1 F(2P) 1 F(2P)] via an
excited electronic state of SiF3 with doublet symmetry, these
processes are both spin allowed. It is worth noting that th
is little change in the FSiF bond angle between SiF4* ~109.5°
if this state has tetrahedral symmetry! and SiF2 ã 3B1

~113.1°!, so if photodissociation is direct there should
little vibrational energy in the SiF2 ã

3B1 state. There has
been no experimental determination of the bond angle
SiF3 in either its ground or in any of its excited states,
though it would be surprising if the ground state were n
pyramidal and the Rydberg states planar, as in the3
radical.19

Finally we consider the emission from SiF4 excited at
18.1 eV. There are still weak emissions between 290–
nm and that due to SiF2 ã–X̃, but the main emission occur
as a new band between 220 and 280 nm. This band is
signed to theÃ 1B1–X̃

1A1 transition is SiF2. The origin
band was rotationally analyzed by Dixon and Halle,4 and the
geometry of theÃ 1B1 state determined to ber (Si–F)
51.601 Å andq(FSiF)5115.9°. Since both this and th
ã 3B1 state arise primarily from the same orbital configu
tion ••• (8a1)

1(3b1)
1,8,35 both these values are similar t

those of theã 3B1 state. There has been only one report of
approximate lifetime of theÃ 1B1 state of SiF2 from a laser-
induced fluorescence study of theÃ–X̃ transition, where an
upper limit of 20 ns was determined.2 We have measured th
lifetime of the emissions excited at 18.1 eV withl2 set to
zero and to 230650 nm, the peak of the SiF2 Ã–X̃ spectrum
~Table II!. In both cases a single exponential decay is
served with t511.061.0 and 11.261.5 ns, respectively
Since SiF2 Ã–X̃ emission dominates the spectrum at th
J. Chem. Phys., Vol. 107
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excitation energy@Fig. 2~c!#, it is not surprising that the de
cays fit to single exponentials at these two values ofl2 and
we determine the lifetime of theÃ 1B1 state of SiF2 to be
11.261.5 ns, confirming the result of Vanhaelemeers
et al.2 Our result is also in good agreement with anab initio
calculation of the oscillator strength of theÃ–X̃ transition in
SiF2, which leads to a calculated lifetime of theÃ 1B1 state
of 5.2 ns.8 Note that even if SiF4

1D̃–Ã emission makes a
small contribution to the experimental decay, the lifetime
the upper state~9.16 ns! is too close to that of the majo
emitter ~11.2 ns! for the decay to distinguish double- from
single-exponential behavior. Again, our experiment gives
information on whether the other product of the photodis
ciation of the (2t2)

214p Rydberg state is F2 or 2F. As with
the ã 3B1 state of SiF2 ~see above!, the experimental thresh
old for production of SiF2 Ã 1B1 , 17.460.2 eV, lies
;0.3 eV above the dissociation energy to this state with t
fluorine atoms, 1.9 eV above the dissociation energy
SiF2 Ã

1B11F2. Both direct and sequential photodissoci
tion processes are now spin allowed. The fact that exp
mental thresholds to both SiF2 Ã

1B1 and ã
3B1 lie close to

the thermochemical energy of SiF2(Ã or ã)12F suggests
that both photodissociations are probably sequential, p
ceeding via an excited state of SiF3.

VI. CONCLUSIONS

We have shown that dispersed emission and, to a le
extent, action spectroscopy are powerful techniques to de
mine the nature of the emitter~s! from VUV photoexcitation
of SiF4 into its Rydberg states and the ionization continuu
Combined with tunable radiation from a synchrotron sour
we have considerably extended both our earlier meas
ments made on SiF4 at energies above 20 eV,

10 and the work
of Suto et al.9,11 who only used three line sources in th
energy range 12.4–13.8 eV~90–100 nm! for dispersed fluo-
rescence measurements. In general, the results for prim
photon energies in the range 12–20 eV follow similar p
terns to those observed recently for CF4.

36 Excitation of
Rydberg states in the range 13–15 eV gives rise to S3

emission, in the range 15.5–18.0 eV toã 3B1–X̃
1A1 emis-

sion in SiF2, and in the range 17–20 eV toÃ 1B1–X̃
1A1

emission in SiF2. ~For CF4, CF3 emission is observed in th
excitation energy range 13–14 eV, CF2 Ã

1B1–X̃
1A1 emis-

sion in the range 15–16 eV. Theã 3B1 state of CF2 was not
observed in the CF4 experiments, presumably because t
ã–X̃ transition is so weak.37! Unlike similar studies we have
performed on BCl3 and BBr3,

12,16 there is only limited simi-
larity between the VUV absorption spectrum and the fluor
cence excitation spectrum of SiF4, suggesting that photodis
sociation of Rydberg states to fluorescing states of neu
fragments is not a major decay channel. Note also that
experiments give no values of quantum yields for product
of these excited states of SiF2 and SiF3. Parent ion emission
from theD̃ 2A1 state of SiF4

1 is observed for photon energie
in excess of the threshold of 21.5 eV. Because emission f
this primary photoionisation product is non-resonant and
, No. 3, 15 July 1997
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729Biehl et al.: VUV fluorescence spectroscopy of SiF4
curs for photon energies well in excess of threshold,10 emis-
sion from this state is also observed at energies below thr
old due to the presence of second-order radiation from
1.5 m primary monochromator. Purely coincidentally, t
strongest emission band in SiF4

1(D̃ 2A1–Ã
2T2) covers a

similar range of wavelengths to the UV band in SiF3 ob-
served by Sutoet al.9 Therefore it is not possible to say wit
total confidence whether the emission between 290 and
nm @Figs. 2~a!–2~c!# produced with photon energie
,20 eV is due to SiF4

1 or to SiF3. Using the single-bunch
mode of the synchrotron, lifetimes of all the emitting sta
have been measured. We have used a new fitting proce
which allowed us to deconvolute the prompt signal from
experimental decays. It was now possible to measure
times less than;5 ns for the first time. The ability to defin
the wavelength of the emission with the secondary mo
chromator when more than one emitter was excited at a
ticular VUV primary energy was particularly important, an
meant that the lifetimes of these emissions in SiF3 and SiF2
could be measured without the presence of signal from
SiF4

1D̃ 2A1 state produced in second order. The lifetime
the emitting state in SiF3 that gives rise to the visible ban
between 350–800 nm is 3.960.7 ns, that of theÃ 1B1 state
of SiF2 11.261.5 ns. The decay from theã 3B1 state of
SiF2 has a component of 2.660.4 ns. This value could eithe
be the phosphorescence lifetime of the triplet state, or m
likely the lifetime for intersystem crossing of its higher v
brational levels into the ground state. Above all, this wo
has highlighted the need for high qualityab initio calcula-
tions on the spectroscopic and dynamic properties of
ground and excited electronic states of the SiF3 radical.
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