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(Received 14 March 1997; accepted 10 April 1997

The vacuum-UV and visible spectroscopy of Silising 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:
(@ SiF; fluorescence in the range 380—-650 nm for photon energies around 13.()eSiF,
asB;-X A, phosphorescence in the range 360—440 nm for photon energies in the range 15.2—
18.0 eV, (c) SiF, A 1B;—X A, fluorescence in the range 210-270 nm for photon energies in the
range 17.0-20.0 eV, an@) emission from theD 2A,; state of Sif 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(disperseglwavelength. Using the single-bunch mode of the synchrotron, lifetimes of all the
emitting states have been measured. The lifetimes of the unassigned emitting statg itheSiF

A 1B, state of Sik, and theD A, state of Siff are 3.9+ 0.7, 11.2+ 1.5, and 9.16+ 0.02 ns,
respectively. This is the first measurement of the lifetimes of these excited statessiarsiF

SiF,. The decay from tha 3B, state of Sik has a fast component of 246 0.4 ns. We conclude that

the lifetime of théa 3B, state of Sik s either as low as 2.6 ns or too high® ~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 tbthground state, the 2.6 ns component
could be the lifetime of intersystem crossing from higher vibrational levels oBtfB, state of

SiF, into its ground state. €1997 American Institute of Physids$§0021-960627)02727-X]

I. INTRODUCTION phosphorescend®, and multiphoton ionizatioh.There have

] ] ) ] _ also been a number of high-qualigb initio calculations
There is considerable interest in the plasma dry etchinge formed on this molecufehowever there is limited infor-

of silicorll r\]/\/afekrlsﬂfor 'the fabric'aFion of microelectronic de- mation on the lifetimes of the excited states of SiBy
vices. Although fluorine-containing gasés.g., Ch, GoFy) ﬁontrast, the spectroscopy of the Sikdical in the gas phase

have be_en used for many years to etch silicon, there is s s very poorly understood, and there has only been one report
uncertainty as to which volatile products desorb from the ; o _

. . . of a dispersed emission spectrdmiainly because an unam-
silicon surface and hence play a role in the etching proces

%iguous analytical sensor for the GiFadical has not been

Etching proceeds by the formation of volatile products . MR . .
through ion-stimulated reaction between the wafer surfaCSStabI'Shed’ It !S still unkn_own wh_ether th|_s radical plays an
portant role in the fluorine etching of silicon.

and reactive neutral species generated by a radio—frequen!:@1 ) X : .

glow discharge. The characteristic glow from these plasmas " adio-frequency discharges of the kind used in plasma
is due to emission from electronically excited spedieg., ~ €tcing, fragment radicals and ions are created in an ill-
free radicals and molecular ion©ptical emission spectros- defined manner by electrons whose energies include the wide
copy has proved to be a powerful analytical tool to identify"@19€ 530 eV. In order to understand the spectroscopy of
such species present in the plasma, and it is now well estaf2€Se species in more detail, we have used the more control-
lished that the SiFmolecule plays an important part in the lable method of photon excitation of SiF Tunable
etching process:® The electronic spectroscopy of Sifs ~ vacuum-UV radiation from a synchrotron source is used to
now well understood by a variety of techniques, includingcover the same energy range as the plasma electrons. In the

absorptiorf, emissior® laser-induced fluorescence, and €xperiments reported here, we disperse the fluorescence in-
duced by tunable vacuum-UV radiation from the BESSY 1

. N synchrotron source through @econdary monochromator.
dpresent address: Department of Chemistry, University of Southampton y gh ( y

Highfield, Southampton SO17 1BJ, UK. Such experiments are commgnly performed using fixed-
Author to whom correspondence should be addressed. energy metastable atom and discharge lamp sources, but are
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Biehl et al.: VUV fluorescence spectroscopy of SiF, 721

rare using the lower intensity tunable dispersed radiatiortal resolution of~4 nm. In order to maximize signal, the
from a second-generation synchrotron source. Our resultifetime experiments used no exit slit at all, giving a resolu-
complement our earlier study on St performed at the tion of ~50 nm.
Daresbury Laboratory synchrotron sour¢8RS in the In the multibunch mode, the following three experiments
United Kingdom, where we only used photon energieswere possible. First, fluorescence excitation spectroscopy, in
greater than 20 eV giving rise to emission in the parent iorwhich the secondary monochromator was set to zero order
SiF, and detected undispersed fluorescence. Our preseahd the primary monochromator was scanned. Second, ac-
work also substantially extends that of Sefival. who mea-  tion spectroscopy, in which the secondary monochromator
sured absolute photoabsorption and fluorescence cross segas set to a specific fluorescence wavelengti fim) and
tions for SiF; over the range 10-25 e¥%.They also observed the primary monochromator was scanned. Third, dispersed
dispersed emission spectra but only at a few defined energigisiorescence spectroscopy, in which the induced fluorescence
using a capillary discharge lamp soufc€.Using the single- was dispersed for a fixed photoexcitation energy between 7
bunch mode of the synchrotron source, we also measure thid 25 eV. None of the spectra have been corrected for the
lifetimes of all the species produced in excited, fluorescingvariation in sensitivity of the primary and secondary mono-
states from SifFphotoexcited in the vacuum-UV in the range chromators with wavelength. The scanning of both mono-
10-30 eV. chromators and the data collection were controlled using a
personal computer. Both primary and secondary monochro-
mators were calibrated using the; B 23 —X 257(0,0)
Il. EXPERIMENT emission band at 391 nm whose threshold for production is
18.76 eV In the single-bunch mode, lifetimes of the emit-
Experiments were performed at the BESSY 1 synchroting states were measured in the following manner. The
tron storage ring in Berlin using an apparatus described/UV excitation wavelength X;) and the emission wave-
elsewherd? A 1.5 m normal-incidence monochromator length (\,) were defined, with wide slits used in both pri-
(range 7-25 eV, best resolution 0.03 mattached to the 800 mary and secondary monochromators in order to maximize
MeV electron storage ring provided a source of tunablethe signal intensity. After shaping and discrimination, fluo-
vacuum-UV radiation. A removable LiF window mounted rescence pulses from the Hamamatsu photomultiplier tube
close to the exit slit of the monochromator could be used tdrise time~1.5 n9 were used as the start signal for an Ortec
eliminate second-order radiation for spectra recorded at eX667 time-to-amplitude converter. The synchrotron bunch
citation wavelengths longer than110 nm. Radiation from marker(20 ps pulses every 208 ns, the transit time of elec-
the exit slit of this primary monochromator passed through drons around the storage ringere also shaped and discrimi-
small chambefpumped by a Balzers TPU 180 magnetically- nated, and used as the stop signal. The resulting decay data
balanced turbo pump to provide differential pumping be-were collected in real time using a multichannel analyser
tween this monochromator and the interaction regi@amd  card mounted in a 386 personal computer. An absolute time
via a 1 mmslit into a small brass cube of side 20 mm which calibration was provided by an Ortec 462 time calibrator.
was cryogenically pumped by a large liquid-nitrogen trap.The lifetime of theB 23 state of N was measured to be
The sample vapor effused into this interaction region givingé0+ 1 ns. This value is in agreement with that given in the
a typical pressure within the first chamber of2x107° literature®® confirming that collisional quenching makes no
Torr; the pressure within the brass cube was higher althougbontribution to the rate of decay of the fluorescence signal
it was not possible to measure it directly. The induced fluofor shorter lifetimes at the pressures used in these experi-
rescence passed through a quartz window and was disperseebnts. The SifFsample(Alpha, 99.99% was taken direct
by a small 20 cm focal length monochromatdobin Yvon  from a gas bottle without purification.
H20UV). This secondary monochromator had no entrance Preliminary experiments were performed at the U.K.
slit and a fixed exit slit. In the spectroscopic experimentssynchrotron source at Daresbury wiihdispersedietection
using the multibunch, quasi-continuous mode of the synchroef the fluorescenc¥ Dispersed vacuum-UV radiation from
tron, fluorescence was detected by a photon-counting EM& 5 m McPherson normal-incidence monochromatange
9789 QB photomultiplier tube cooled to 248 K. The effective 8—30 eV, optimum resolution 0.01 nrarossed an effusive
range of this secondary monochromator was then 190—45flow of SiF, vapor at a pressure of 1x10 4 Torr. Fluo-
nm, the low wavelength being limited by the quartz optics,rescence induced at the interaction region was focussed
the high wavelength by the blaze of the grating300 nm)  through a Spectrocil B quartz window using an aluminium
and the quantum efficiency range of the bi-alkali photomul-coated f =75 mm spherical concave mirror onto an EMI
tiplier tube. The lifetime experiments using the single-bunch9883 QB photomultiplier tubgrange 190—650 njnmain-
mode of the synchrotron utilised a red-enhanced Hamamatsained at 298 K and used in the photon-counting mode. Op-
R6060 photomultiplier tube cooled te 280 K and a Jobin tical filters could be inserted in front of the photomultiplier
Yvon H20VIS secondary monochromatdgrating blaze tube to isolate different emission bands. Fluorescence exci-
~450 nm), both of which improved the sensitivity of this tation spectra were recorded at a resolution of 0.1( .02
apparatus for wavelengths greater than 400 nm. The multieV at 15 eV using the quasi-continuous multibunch mode of
bunch experiments were performed with a 1.0 mm exit slitthe synchrotron, and lifetimes were recorded using the
on the secondary monochromator, corresponding to an optsingle-bunch mod€00 ps pulses every 320)nsith similar
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722 Biehl et al.: VUV fluorescence spectroscopy of SiF,

electronics to the BESSY 1 experiments. The main advan¥ABLE I. Energetics of dissociation channels of $ihd Si;.

tage of this apparatus compared to that used in Berlin is that — —— — :

it is sensitive to visible radiation withA>~450 nm Neutral/parent Dissociation Dissociation Adiabatic (vertical)
i i ! i ion channel energy/eV IP/eV®

whereas the Berlin apparatus used for the multibunch experi- —

ments has very limited sensitivity in this region of the visible SiF; D *A; 21.5821.59

spectrum. The Daresbury apparatus does, however, have twa SiF; +F, 20.92
o . . . C T, 19.3019.48
principal disadvantages. The region of the UV/visible spec- SIF X 2[1+3F 18.58
trum where fluorescence is observed can only be determine g ' 18.0°(18.0
very approximately by the use of broad band or cut-on filters, 7z 21, 17.117.4
because the fluorescence is not dispersed through a second- SiF, A 1B, + 2F° 17.15
ary monochromator. In addition, second-order radiation in SIF X 2T+ F,+F 16.98
the range 11-18 eV from the grating of the McPherson pri- _ SiF; +F 16.21
mary monochromator was significant at the time our experi- X *Tx N 15.816.9
ments were made. Very strong, nonresonant emission from S_in~A3181+ Fo 15.55
the D 2A, state of Siff (threshold=21.5 e\V}*'%) meant that SS'FE a E’étrz: ig'gj
there was a significant background signal in the range 11-18 Si::;;(? 1A11+2|2: 1168
eV caused by parent ion emission being excited by second- SiF, X 1A, +F, 10.08
order radiation from 22-36 eV. This was particularly unwel- SiF% (480 nm)+F ~0.76
come when making the single-bunch lifetime measurements SiF; X 2A5(?)+F 7.18
of the much weaker Sigand Sik emissions induced by  siF, X 1A, 0

photons in the range 12—-19 eV in first order. Hence it was
impossible to measure these lifetimes without the decay gf¥eference 14.
. . . ~ L References 17 and 18.
the signal being dominated by SiFD-state emission(7  cReference @).
=9.3ng9. YReference 6.
The lifetime data were analysed using a nonlinear least=The minimum energy of the SJF-F channel of 9.76 eV assumes that

15 _ emission at 480 nm occurs to the ground electronic state of. Sike
squares progrankLUOR, deveIOped by staff at the Dares energy of this channel will be higher if emission occurs to an excited state.

b_ury Laboratory. T_he measure(_j fluorescence signal is NOt &nhe maximum energy of SIF+F is the threshold for fluorescence Jat
simple decay, but is a convolution of the fluorescence decay-380 nm of 12.4:0.1 eV (Sec. V).

with a “prompt” instrument component, plus a background. 'Symmetry of the ground electronic state of the;@&dical (Ref. 19.
The prompt component is the average time profile of the
single bunch in the storage ring convoluted with the response

. o . .pr re i rior hat we hav in th
time of the photomultiplier tube and the associated detectlorﬁ) ocedu € IS Supero '.[O t at we have used in the pgst to
analyze single-bunch lifetime data, where we have simply

electronics. _The signal observed with no gas present, arlsmﬂlnored that part of the decay in the first 3 to 4 ns after the
from scattering of the synchrotron radiation, offers a reason-

able aporoximation 1o the brompt component of the meat Ciation pulsé®!® This procedure works satisfactorily for
bp . p pt comp " ifetimes greater than-30 ns, but is not appropriate if there
sured fluorescence. This “prompt signal” was measure

prior to the lifetime decays for SjFat BESSY 1. The scat- are emltFers present W'th lifetimes c_omparable to the re-
: S . sponse time of the detection electronics.

tered light was maximized by setting both monochromators

to zero order, |.e.}\1=_ N,=0. A model, either the sum of 'l'- THERMOCHEMISTRY OF SiF, AND SiF}

one or two exponential functions, was chosen to represen

the time behavior of the fluorescence. The choice of model ~The thermochemistry of the valence states of,S#ad

depended on whether one or two emissions were being exf the dissociation channels of Qifo neutral products is

cited at a particular excitation wavelength, and whether shown in Table I. The electron configuration of the five

N\, was set to zero order or not. The model function couldhighest-occupied outer-valence molecular orbitals of, &F

then be convoluted with the prompt signal and fitted to the --(2a;)?(2t,)%(1e)*(3t,)®(1t,)®, where the numbering

experimental data by minimizing the Poisson-weighted sunscheme only involves those orbitals formed from §BB

of the squares of the residuals to obtain experimental valuesnd F 3,2p atomic orbitals. Adiabatic ionization potentials

of the lifetimes ¢,,7,), amplitudes A;,A,), and the back- (IP) are given in Table I, the data mostly being taken from

ground B), where our recent threshold photoelectron stdéiyThere is some

doubt about the adiabatic IP to the ground state of the ion

y=Aq exp—t/m)+ Az eXp(—t/7p) +B. because, like all MX molecules, Sif Sndergoes extensive

If the decay times are very much longer than the duration oflahn—Teller distortion upon ionization such that the Franck—

the prompt signal, it is possible to use a model functionCondon factor at threshold is very small. From studies of

without this convolution procedure. However, since all thecharge-transfer reactions of atomic ions with SiKickel

lifetimes of emitting states of SjF SiF;, and SiF; are less et al?® obtained a much lower value for the adiabatic IP of

than ~10 ns and the response time of the photomultiplierl5.29+0.08 eV. However, this value was not obtained di-

tube is as long as 1.5 ns, we found it essential to deconvoluteectly (unlike that from photoelectron spectroscgpyput

the prompt signal from our lifetime data. We believe that thisrather from a fit to the variation of reaction cross sections in
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: . . ; . ; still observed for photon energies in excess of 10 eV above
threshold® This nonresonant peak is also observed in Fig. 1
with a threshold of 10.75 eV, due to second-order radiation
from the primary monochromator. Much weaker resonant
peaks are observed in the fluorescence excitation spectrum at
energies of 13.0, 13.9, 14.8, 15,918.1, and 19.5 eV. The
peak at 13.0 e\{which in our spectrum appears as a shoulder
on the side of the second-order nonresonant peak at 10.75
eV) has been observed previously by Setoal!! whereas
the other peaks are observed here for the first time in such an
experiment. They all have shapes consistent with a photoab-
sorption rather than a photoionization process, where for
each peak the excitation spectrum increases from threshold
0 M M 6 M 0 M 2 2 as the photon energy scans through the Franck—Condon re-
Fxcitution energy [ eV gion of the excitedusually Rydberystate of Sik, reaches a

o _ maximum, and recedes to the baseline. Note however in the
FIG. 1. Fluorescence excitation spectrum of Sifetween 10 and 26 eV . .
recorded at the BESSY 1 synchrotron source with an optical resolution o*nsert to Fig. 1 that the baseline does not CorreSpond to zero
0.2 nm, equivalent to a resolution 6f0.05 eV at 17 eV. The fluorescence Signal, but to a background level due to the second-order,
has not been normalized to the vacuum-UV radiation from the primarynonresonant emission from the $[|; state. The emitter may
monochromator. either be the excited state itself or a fluorescing fragment
formed from its(preJdissociation. We show later that the

the threshold region to an empirical model. We therefordatter process is always occuring.
prefer to use the value obtained directly from threshold pho-  Dispersed emission spectra between 190 and 450 nm
toelectron spectroscopy. The energies of the neutral dissocigecorded at primary photon energies corresponding to the
tion channels of Sifare calculated from the heats of forma- major peaks in the fluorescence excitation spectrum are
tion of SiF, (x=1—4) and F given by Fisheat al?! These = shown in Fig. 2. At an energy of 21.8 €¥ig. 2d)], emis-
values come from the same study of charge-transfer reactiorsion originates solely from th® A, state of Sif. The
of atomic ions with Sifas mentioned above, with values for spectrum is dominated by a broad band centered at 310 nm
SiF, and Sik being up to 1 eV different from those given in which was first observed by Aaﬁé.‘l;his band is assigned to
the JANAF tables? The excitation energies of théd,00  bound-free emission to the repulsi®e®T, state of the par-
bands of theA—X and@—-X transitions in Sig are 5.47 and ent ion which dissociates directly to SiFF.** Much
3.26 eV, respectivel§” The visible emission spectrum of weaker peaks centered a250 and 380 nm are due to emis-
SiF; covering the range 350-850 fiiis very poorly charac-  sion to theX 2T, and B 2E states of Sif. Transitions to
terized. The symmetries of the states involved in the transiboth thesgstatesgre formally forbidden by optical selection
tion are unknown, and it is not even known whether theryles. TheD 2A;—C 2T, band of SiF shows discrete rovi-
lower state of this transition is the ground electronic state ofy;ational structure for low vibrational levels of tIGZestate23
the radical. The energy of the $iFFF channel, spanning the ¢ jts band center at 551 nm is outside the sensitivity range
range 9.76-12.4 eV, is discussed in Sec. V. of the dispersive secondary monochromator used here. Note
that the difference in the vertical ionization energies of the
IV. RESULTS valence bands of SjFpredmts emissions at 250D -X),

The fluorescence excitation spectrum of SiEtween 10 290(D A) 350(D B), and 580(3 C) nm, in good agree-
and 26 eV recorded at BESSY with an optical resolution ofment with the experimental values. At an excitation energy
0.2 nm and the secondary monochromator set at zero order & 13.0 eV[Fig. 2(@] the spectrum is dominated by a band
shown in Fig. 1. A very similar spectrum was also obtainedcovering approximately the same wavelength range as that of
at Daresbury. The spectrum is dominated by a nonresona@iF+5 —A. We assign this band either to giﬁ —A emission
peak with threshold at 21.5 eV whose shape is charactenstproduced by second-order radiation at 26.0 eV from the pri-
of a photoionization proces$.This energy corresponds to mary monochromator or to SjFMost likely, the signal is
the adiabatic IP of theD 2A; excited valence state of due to both processes, although there is some evidence from
SiF, . Fluorescence from this state has been observed in ealhe lifetime measurements that the former process dominates
lier fluorescence excitation studi¥st! in coincidence (Sec. \). Emission is also produced at>450 nm due to the
experiments? and in high-resolution emission studies be- SiF; radical (see below, but the secondary monochromator
tween bound states of $ﬁF23 This process is nonresonant and photomultiplier tube used in these experiments is insen-
because, as in photoelectron spectroscopy, the ejected elesitive to these longer wavelengths. The dispersed spectra at
tron can carry away the excess energy, and the emissicgxcitation energies of 13.9 and 14.8 eV are very similar to
intensity above threshold is governed essentially by thehat in Fig. Za), and are not shown. At an energy of 15.9 eV
variation of the part|al ionization cross section of the emit-[Fig. 2(b)], in addition to the 280-340 nm band which we
ting state(i.e., SlﬁD A1) with energy. Thus fluorescence is assign primarily to SlED A produced by second-order ra-
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T T T T T T T v T L T

(2)13.0eV
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SiF,'B-A (a) %, =225 nm, SiF, A 1B,

+ + + + + + + + £ + ) . ; P | , N N . |
1 g t t T } } — T
b) 15.9eV Ty ~
® SiF;a-X (b) %, =310 nm, SiF,* D24,
0 I
i t t + 1 } t + — } } } } 0 ; A , | L . . | . . . . |
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(©)18.1eV (c) A, =400 nm,
SiF,A-X
01 ; |
e ——t —_—
218V

(d) 380 < 3, < 650 nm. SiF,"

} + + } + } 4 + } + } } } + ; ; ; } —t + + | t + } } :

200 300 400 10 15 20 25
Emission wavelength / nm Excitation energy / eV

FIG. 2. Dispersed emission spectra for Sphotoexcited ata) 13.0, (b) FIG. 3. Action spectra of Sifrecorded at the BESSY 1 synchrotron source
15.9, (c) 18.1, and(d) 21.8 eV. The optical resolution was4 nm. No between 10 and 26 eV with detection of fluorescencéant225+4, (b)
attempt has been made to allow for the variation of sensitivity of the detec310+4, and(c) 400+4 nm, respectively. These three wavelengths corre-

tion system with wavelength, but it is predicted to decrease rapidij\for spond primarily to the peaks of the SIRA 1B,—X A;, SiF;D 2A,-
>450 nm. Assignments of the main emission bands are given. Note that fo§ 27, and Sik 3 3B;—X A, bands(d) Fluorescence excitation spectrum

photon energies below 20 eV, the $F—A band arises due to second- of SIF4 recorded at the Daresbury synchrotron source with an EMI 9883 QB

order radiation from the primary monochromator. photomultiplier tube filtered to detect fluorescence only in the range 380—
650 nm. Emission in this range is primarily due to the visible band of
SiF; (Ref. 9. The optical resolution is 0.2 nm i@)—(c), 0.1 nm in(d).

.Fluorescence has not been normalized to the VUV radiation from the pri-
diation at 31.8 eV, a new band between 360 and 440 nm iShary monochromator in any of the spectra. P

observed. This is the wavelength range where the spin-
forbidden transition in Sif from the lowest triplet state,
a %B,, to the ground stateX A, occurs. This spectrum almost mimics the excitation spectrurtFig. 1 where
was first observed in emission with vibrational resolution by ,=0) since S|¢D A emission is the most intense band in
Racd® who confirmed that the lower state was indeed thethe excitation range 10—-26 eV. Action spectra at 225 and
ground electronic state, and very recently has been partiall$00 nm are dominated by broad bands peaking at 18.1 and
rotationally analyzed in a laser-induced phosphorescenc&5.9 eV with thresholds at 17#40.2 and 15.20.2 eV. In
study by Karolczalet al® At an excitation energy of 18.1 eV the ranges 17-20 eV and 15-18 eV emission is mainly ob-
[Fig. 2(c)], in addition to the 290—340 nm band which is now served from theA 'B; anda 3B, states of Sik respec-
very weak, a new UV band between 220 and 280 nm isively. The weak peak in both Figs.(8@ and 3c) with a
observed, in exact agreement with the range of wavelengthgreshold at 21.5 eV is due to emission from MEA, state
over which the SifFA 'B;—X A, transition occuré:*>’ of SiF; which still has weak remnants at 225 nfgue to
Figures 8a)-3(c) show three action spectra where the SjF; D—X) and 400 nm (SiFD—B). Figure 3d) shows the
primary monochromator is scanned for detection of ﬂUOI’GSexcitation spectrum between 10 and 20 eV recorded at
cence at a specific wavelengthp=4 nm. The values of Dparesbury with a resolution of 0.1 nm with detection of un-
A, were determined by choosing suitable peaks from thejispersed fluorescence through a visible cut-on fiahott
dispersed emission spectf&ig. 2). Thus, action spectra | F 399). The effective range of wavelengths over which
were recorded ak,=225 nm corresponding to the peak of emission is observed in this experiment is then
SiF, A-X emission, 310 nm corresponding to $F-A  ~380-650nm, and as such this constitutes a very low-
emission, and 400 nm corresponding to ,Si~X emission.  resolution action spectrum. It can clearly be seen that the
Not surprisingly, the action spectrum at 310 fiRig. 3(b)] peak at 13.0 eV in the excitation spectrum gives rise pre-
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TABLE II. Lifetimes of emission bands observed from VUV excitation of Sifrthe range 10-26 eV.

No/nm Reduced
E,/eV (+50 nm) T.INns A, x° Emitter(s)
13.0 0 3.0:0.8 1.0:05 242 SiF SIFD %A,
9.6+1.0 0.8-0.3
13.0 310 9.30.3 0.97 SiF;D 2A,
13.0 480 3.90.7 171 SiF
15.9 0 2.6:0.4 1.0:0.1 1.29 SiF, 3 %B,,SiF;D 2A;
10.6+1.4 0.4:0.1
18.1 0 11.6:1.0 1.78 SiF, A 1B, SiF;D 2A,
18.1 225 11.21.5 2.01 SiF, A 1B,
21.8 310 9.16:0.02 133 SiFD %A,

dominantly to visible emission, as has been observed by Suth4.8, and 15.9 eV are observed in absorptibalbeit with
et al® with fixed-energy discharge lamp sources. We showvery different intensity ratios. These three peaks and the
later that this emission is due to the Siadical. From Fig. peaks at 13.9 and 19.5 eV are also observed by electron
3(d) we also determine the threshold for production ofenergy loss spectroscogELS),?” although the latter two
SiF; to be 12.4-0.1 eV. peaks are observed at slightly different energies of 13.75 and
Lifetimes of the emissions induced in ikt excitation
energies of 13.0, 15.9, 18.1, and 21.8 eV were measured
using the single-bunch mode of the BESSY source. As men-
tioned in Sec. Il, these experiments used a fast Hamamatsu @ % =0nm
R6060 photomultiplier tube and a secondary monochromator ‘
(JY H20VIS) with a grating blazed at a longer wavelength
than that used in the multibunch experiments. Both factors
increased the sensitivity range of the secondary monochro-
mator in the visible region, and for the first time made the
observation of emission in SjFat A>400 nm possible at
BESSY 1. Resolution of both monochromators was degraded .
to increase flux. In nearly all cases lifetimes were recorded (b) 3,=310nm
both with the secondary monochromator set to zero order R
and to the wavelength) at which the emission spectrum \
maximizes. Typical accumulation times were 30—120 min
per decay. The lifetimes were analyzed both by single- and
double-exponential functions, with deconvolution of the
prompt signalno gas\;=\,=0) as described in Sec. Il. In
choosing the best fit, consideration was given to minimize
the reduced chi-squared values, to minimize the pairwise ] c) A, =480 nm
correlation functions of the fitted parameters, and to ensure ;
both that the residuals of the fit showed nonsystematic trends
and that the fitted background agreed with its experimental
value. The results of the best fits are shown in Table I, and i
typical decays from Sifexcited at 13.0 eV withh,=0, 310 0 o e
and 480 nm are shown in Figs(a}—4(c), respectively.

0 100 200 300 400

V. DlSCUSSlON Channel Number

First we consider the assignment of the peaks in thélGh- 4. I?ecbay Orf1 thelﬂugresdcence ]followirr]lg excitation Ofﬁff 13.0 eV
o ; ; with single-bunch, pulsed radiation from the BESSY 1 synchrotron source.
2gor:’escence .ex(;:ltatl(lm SlpeCtrE.(ﬁllg' ]];) $|nce the three The secondary monochromator is set(&® \,=0, (b) A\,=310, and(c)
Ighest occupie m_o ecular or |t_as 0 ?'ﬁ-e-’ It;, 3ty, N,=480 nm, respectively. Each spectrum shows the experimental data
and le) are essentially nonbonding orbitals located on thepoints, the prompt signadashed ling and the fit to the datésolid line)
fluorine at0m§,6 the lowest principal quantum number for using the method described in Sec. Il. The time calibration is 0.3125 ns per
Rydberg states originating from these orbitals is expected tghannel. In(@), emission is due to SfFrand SiFD A;, and the decay fits
be n=3. The next two highest orbitals,t2 and 2a,, are best to a bi-exponential function with;=3.0+0.8 and7,=9.6=1.0 ns
- . L l!

. . . . with approximately equal amplitudes\(~A,). In (b), emission is only due
essemla”y Si-Fr bondlng In CharaCte%ﬁ’ and therefore the to SiF;D 2A,, and the decay fits best to a single exponential function with

lowest principa! quaptum number for Rydberg states derived_g 3+0.3 ns. In(c), emission is only due to SiF and again the decay fits
from these orbitals im=4. The peaks we observe at 13.0, best to a single exponential function with=3.9+0.7 ns.
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726 Biehl et al.: VUV fluorescence spectroscopy of SiF,

TABLE Illl. Peak positions and assignments from fluorescence excitation spectroscopy of the Rydberg and
ionic states of Sifin the range 10—-26 eV that lead to fluorescence, and assignments of the fluorescing
fragments/ions and their lifetimes.

E/ev®  Assignment (IP-E)/eV  (n—4) & Emission range/nm Emitter Lifetime/ns

13.0 (1,)"%3p 35 1.97 1.03 ~380-800 SiF} 3.9+0.7
or (3t,) " '3s 4.4 1.76 1.24

13.9 (3, '3p 35 1.97 1.03 ~380-800 SiF} 3.9+0.7

14.8  (1t;)"*3d 17 2.83 0.17 ~380-800 SiF% 3.9+0.7
or (1e) '3p 3.2 2.06 0.94

15.95 (3,) *3d 1.45 3.06 —0.06 ~360-440 SiF, a °B; 2.6+0.4
or (3t,) 4p 1.45 3.06 0.94

18.1 (2, 4p 1.36 3.16 0.84 ~220-280 SiF, A 1B, 11.2¢1.5

19.45 (&,) 4s 2.1 2.54 1.46 ~220-280 SiF, A 1B, 11.2+1.5

2158 (2a;) '-SiF; D A, ~280-350 SIFD %A, 9.16+0.02

3 ffects of second-order radiation producing SiFstate emission at excitation energies less than 21.5 eV are
ignored in this Table.

bQuantum defects, defined by the equatioBi=IP-[R,/(n— 6)?], whereR,, is the Rydberg constant amdis

the principal quantum number of the Rydberg orbital. Calculated using the appropriate vertical ionization
potentials for Sif from threshold photoelectron spectroscdief. 14.

°It is unclear whether this is the lifetime of fluorescence or of intersystem croésdegthe tejt

4Threshold for fluorescence, not peak position.

19.65 eV in that study. The peak at 18.1 eV is not observeg@ssigning the emission to the SiFadical are not spectro-
by these other two complementary techniques. We commenécopic, but thermodynamic. The ground state of;$iF is
however, that only those Rydberg states of,Sifhich dis-  calculated to occur at 7.18 eV, so emission in the visible
sociate to a fluorescing excited state of a fragment of &i€  region is energetically possible for an excitation energy of
observed in our experiment, whereas both absorption ang3 5 ey The ground states of g(ﬁ 1A,) and SiFK 2IT)
EELS may be used to observe all the Rydberg states whosg, pigher in energy at 10.08 and 16.98 eV, and SiF emission
traq5|t|ons from the ground state are allowed k,’y optical S€%an therefore be discounted immediately. The lowest excited
lection rules. Furthermore, both spin and orbital selectlor‘gtate of Sik, thed 3B, state, lies 3.26 eV above the ground
rules are not particularly strict in EELS, especially at highstate? so the threshold energy to produce B, is 13.34

;cattering angl_e S, S0 that many more peaks are obse_rved thg{}, above the experimentally-determined threshold of 12.4
in the absorption spectrum over the same reglobising 0.1 eV. Data on the electronic Spectroscopy of .S

approximate values for the predicted quantum defects of . . . .
i scarce, and no microwave nor infrared spectrum of this radi-
ns, np, andnd Rydberg orbitals centered or{$i) atoms of

5=1.20(1.80), 0.76..36, and 0.00.10,%® respectively, and cal in its ground electronic state in the gas phase have been

vertical IPs for the five valence orbitals of ilgiven in reported. The first assignment of any emission to; SiRat

; ; ; 29
Table I, we can make assignments of the peaks in the fluo,thalned in the region 210-260 nm by Wastal.™ by pass-

rescence excitation spectrutiable Ill). Due to the low ing SiF, through a microwave discharge, has subsequently

resolution of the spectrum and the uncertainty in the ionizaPeen shown to be incorrect, and all the observed bands are

tion thresholds to which the possible Rydberg series condue t0 Sip A-X. There have been two observations of a
verge, they do not represent a unique set of assignments, aRfPad, visible emission ban@ peq=632 nm, FWHM=240
there are blends. However, with the exception of the transiD™ from the reaction of fluorine atoms produced in a dis-
tion to the (2,)4s Rydberg state at 19.5 eV, transitions charge flow system with single-crystal silicon samptés.
to all the other states from the ground state of,Gife opti-  Both studies have assigned this emission to the Eifical.
cally allowed. However, this assignment has been made more on the basis
The nature of the emitters of the fluorescence induced ihat the emission isiot due to any known band system in
the excitation range 10-25 eV is now discussed. First, wéiF; or SiF, than due to a detailed knowledge of the spec-
consider the emission excited at 13.0 eV. Figuf@ 3hows  troscopy of Sik. The problem with all these experimental
that emission over the excitation range 12.4—13.6 eV occurtechnigues is that the excitation energy is not controlled. The
in the visible region with wavelengths in the rangeonly previous study using vacuum-UV photon excitation
~380-650 nm. In theory, the emitter could be the parenprior to our work is that of Sutet al. They dispersed the
molecule, Sig, or a fragment. However, the evidence bothemission induced from both SjFand SikH® excited with
from absorption and electron energy loss spectroscopy is théixed-energy discharge lamp line sources between 90 and
SiF, is transparent in the vacuum-UV below 11 eV, and no100 nm. The emission from the lamp was passed through a 1
valence states of the molecule exist to 3 eV below the m VUV monochromator before impacting on the sample. In
excitation energy of 13.0 eV. Therefore, emission in the parboth cases, two bands were observed by a red-sensitive
ent molecule can be discounted. The strongest reasons f@90-800 nmy cooled photomultiplier tube—one between
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290 and 340 nm, and another much broader band betweemlue is in excellent agreement both with that obtained
350 and 800 nm. Although the former band covers almost apreviously® and with that obtained in this work (9.16
identical region to the SEFD A band, second-order radia- +0.02 ns) when SiF was excited at 21.8 eV into the
tion cannot be the cause since the emission source is n& 2A1 state ionic continuum(Table 1)). With A,=480
continuous. They assigned both bands to the; $iflical, +50 nm, a single exponential decay is also obtained with
and commented that the spectra were similar to that ig CF7=3.9+0.7 ns. This value ok, was chosen as a compro-
where a discrete UV ban@etween 200 and 300 nnand a  mize to maximize the Sif-visible emission while minimiz-
broad visible bandbetween 400 and 800 nrare known to  ing emission from the SifD ?A, state®?*We conclude that
exist>® the lifetime of the electronic state of Sigiving rise to the
While the assignments of the spectra insGfave been visible emission band is 3.9 ns, and that in our experiment
supported byab initio calculations® there have been no cal- the band observed simultaneously between 290 and 340 nm
culations on the energies of excited states of thg Biffical.  is predominantly due to emission from the $IF 2A, state
It seems clear that the emission we observe in Fid) @  produced in second order, and not due to another emitting
A>380 nm is the same broad visible band between 350 anstate of Sik. It is worth noting, however, that Sutet al®
800 nm observed by Sutt al,>° and is probably the same found that the relative intensity of the SiE)V band com-
emission as that observed in the plasma-simulated expenpared to that of the visible band changed with excitation
ments peaking at 632 nfrt.What is not clear is whether this energy, implying that the two emissions have different upper
emission occurs to the ground state or to an excited state states. It is possible, therefore, that the lifetime of the elec-
the radical. The large width of the band suggests that emigronic state giving rise to S{FUV emission coincidentally
sion occurs to an excited state of Siihich is repulsive in  has the same value as that of the S)F?A, state. On bal-
the Franck—Condon region, a situation similar to that inance we believe this to be unlikely. It is clear, however, that
CF5.*° If this is the case, we can calculate an upper limit tohigh qualityab initio calculations are needed on the spectro-
the energy of this lower state relative to the ground state ofcopic and dynamical properties of excited electronic states
SiF;. We have measured the lifetime of this emission withof SiF;, and it is hoped that this work will stimulate such
the secondary monochromatar,;, set at 48650 nm near studies.
to the peak of the emission spectrdraprresponding to a We now consider the emission from gi€xcited at 15.9
photon energy of 2.580.25 eV. The minimum energy of eV. In addition to the 290-340 nm band, a new band be-
the emitting state in Sifis then 9.76 eMTable ), so for this  tween 360 and 440 nm is observed. This band is assigned to
emission to be observed at a threshold energy of 12.4 eV thidea 3B;—X A, spin-forbidden transition in SiF First ob-
excited state of Sifto which emission occurs must lie less served in emission at vibrational resolution by Radhe
than~2.6 eV above the ground state. Note thatdlheinitio  origin band of this electronic transition has now been ob-
calculations on Ckpredict that the lower state of its visible served with almost complete rotational resolutiofhe rota-
band lies~4 eV above the ground stat®.There is also tional analysis has determined the geometry of #h&B;
some evidence that the ground state of;$8bound, in that  state to ber (Si—-F)=1.586 A and9(FSiF)=113.1°, com-
its lifetime is long enough for electron-impact ionisation pared with ground state values from microwave spectroscopy
cross-section measurements to be made on the radical inad 1.591 A and 101.0°, respectivel§ The intensity distribu-
charge-transfer experimetit. tion of the rotational branches in the laser-induced phospho-
The UV band between 290 and 340 nm, which was ob+escence spectrum suggest that the triplet—singlet transition
served by Sutet al. from photodissociation of SijFat 13.0  gains oscillator strength primarily by spin—orbit coupling of
eV [Fig. 1(b) of Ref. 9] and assigned to a different emission the @ 3B, state with higher-lying singlet states Bf, sym-
in the SiF; radical, covers an almost identical range to themetry. The lowest such state in Sis the valence state at
SiF;D—A band. Two factors suggest that the former emis-161 nm?* 4.44 eV above th& °B, state. There have been
sion dominates in their spectrum while the latter produced by?0 experimental determinations of the lifetimes of either
second-order radiation from the excitation source is domistate, although a recemtb initio study has calculated the
nant in ours. First, whilst our excitation source is monochrodifetime of thisB B, state to be 11.5 fsWe have measured
matised continuous radiation from a synchrotron, theirs usethe lifetime of the emissions excited at 15.9 eV withset to
line sources from a capillary discharge lamp. Thereforezero order(Table Il). Unfortunately, measurements were not
while second-order radiation will be a problem in our experi-made at\ ,=400 nm, isolating the SiFa— X emission. A
ment, as we have observed befbté, seems highly unlikely double-exponential decay is obtained with=2.6+0.4 and
to be the case in theirs. Second, we have measured the life,=10.6-1.4 ns, the shorter lifetime component having
time of the emissiofs) excited at 13.0 eV with, set to zero  over twice the amplitude of the longer. The 10.6 ns compo-
order, to 310, and to 480 nr(lable Il). With A,=0 the nent is probably due to the 3?9 2A, state, and it therefore
decay fits best to a double exponential of approximatelysuggests that the lifetime of the SiE °B; state is 2.6 ns.
equal amplitudesA;~A,) with 7;=3.0+0.8 andr,=9.6  This is an exceptionally small value for a metastable state,
+1.0 ns, implying that two emitters are present. With  and could only result if the spin—orbit coupling wiftB,
=310+=50 nm and hence isolating the UV emission, a singlestates is so strong that it is inappropriate to describe the
exponential decay is observed with=9.3+0.3 ns. This a 3B, state as a triplet. The other possibility is that the life-
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time of thea 3B, state is much longer than can be measuredexcitation energyFig. 2(c)], it is not surprising that the de-
with a pulsed source with only 208 ns between pulses, i.ecays fit to single exponentials at these two values pénd
7>~200ns, but this leaves unanswered the question ofve determine the lifetime of th& !B, state of Sik to be
what is the cause of the 2.6 ns component in the decayl1.2+1.5 ns, confirming the result of Vanhaelemeersch
Karolczaket al® observed a sudden decrease in intensity iret al? Our result is also in good agreement withaminitio
their laser-induced phosphorescence study for vibrationatalculation of the oscillator strength of tie-X transition in
levels v,>2. They speculated that a rapid nonradiative de-SjF,, which leads to a calculated lifetime of tée'B, state
cay channele.g., intersystem crossing to the ground state of 52 ns? Note that even if SifD—A emission makes a
turns on at these excited state vibrational energies, and it ismall contribution to the experimental decay, the lifetime of
just possible that this process is the cause of the 2.6 nge upper stat€¢9.16 n3 is too close to that of the major
component? Obviously lifetime measurements as a function emitter (11.2 n3 for the decay to distinguish double- from
of vibrational state ofa °B; are needed to confirm this single-exponential behavior. Again, our experiment gives no
theory, whereas our experiment only gives a value of thgnformation on whether the other product of the photodisso-
lifetime for the range of vibrational levels & ®B; popu-  ciation of the (2,) 4p Rydberg state is for 2F. As with
lated by photodissociation of SJF Our experiment also the3 3B, state of Sif (see abovk the experimental thresh-
gives no information on whether the other product of thegiy for production of Sik A 1B, 17.4+0.2 eV, lies
photodissociation is for F+F. Both channels are energeti- 0 3 eV above the dissociation energy to this state with two
cally possible(Table ); the threshold for production of flyorine atoms, 1.9 eV above the dissociation energy to
SiF; a °Bi, 15.2£0.2 éeV, lies~0.3 eV above the dissocia- gjr, A 1B, +F,. Both direct and sequential photodissocia-
tion energy to Sifa "B, +2F, and 1.9 eV above that 10 ion processes are now spin allowed. The fact that experi-
SiFp  a"BitFp  Direct dissociation of —the ene) thresholds to both SI 1B anda °B, lie close to
(3t;)_"3d/(3tp) ~4p singlet Rydberg statg) of SiFy to the thermochemical energy of S{A or &)+ 2F suggests

e X3 1y + ; ;
SiF2 a ~B§+F2 X34 s fprmally spin fprbldQen, although - poth photodissociations are probably sequential, pro-
if the a °B; state acquires substantial singlet character

through spin—orbit mixing this selection rule is relaxed. Con—Ceedlng via an excited state of $iF
versely, if photodissociation occurs sequentially in two steps

[ SiF; —SiF; +F(*P)—SiF,a °B; + F(°P) + F(®P)] viaan  VI. CONCLUSIONS

excited electronic state of Sjlwvith doublet symmetry, these
processes are both spin allowed. It is worth noting that ther%Xt
is little change in the FSiF bond angle between;SiF09.5°
if this state has tetrahedral symmeétrgnd Sik a °B;

We have shown that dispersed emission and, to a lesser
ent, action spectroscopy are powerful techniques to deter-
mine the nature of the emitigy from VUV photoexcitation
, ) A of SiF, into its Rydberg states and the ionization continuum.
(_113'1_()' SO if photodlss_00|at|on_ IS glrect there should beCombined with tunable radiation from a synchrotron source,
litle vibrational energy in the SiFa *B, state. There has o naye considerably extended both our earlier measure-

been no experimental determination of the bond angle "?nents made on Sifat energies above 20 é9and the work
SiF; in either its ground or in any of its excited states, al—of Suto et al®!* who only used three line sources in the

though it would be surprising if the ground state were notenergy range 12.4—13.8 €90—100 nm for dispersed fluo-

pyc;fimliggal and the Rydberg states planar, as in thg CFegcance measurements. In general, the results for primary
radical:

- ) o ] ) photon energies in the range 12-20 eV follow similar pat-
Finally we consider the emission from giExcited at temns to those observed recently for L3 Excitation of

18.1 eV. There are still weak emissions between 290_349&ydberg states in the range 13—15 eV gives rise to; SiF
nm and that due to SjFa—X, but the main emission occurs emission, in the range 15.5-18.0 e\/&(fBl—'f( 1A, emis-
as a new band between 220 and 280 nm. This band is ag;,, in SiR, and in the range 17—20 eV S 1Bl_'>‘( 1A,

signed to theA 'B;~X *A, transition is Sig. The origin  emission in Sik. (For CF, CF, emission is observed in the
band was rotationally analyzed by Dixon and H&lknd the excitation energy range 13—14 eV, g’; 151—>~( 1A, emis-
geometry of theA 1!31 state determined to be(Si-F)  sjon in the range 15-16 eV. Tf@3B; state of Cj was not
ZLeol A and9(FSiF)=115.9°. Since both this and the ghserved in the GFexperiments, presumably because the
a °B, state arise primarily from the same orbital configura-z_% yransition is so weak’) Unlike similar studies we have
tion -+ (8ay)*(3b;)",** both these values are similar to performed on BGJand BBg, 2Sthere is only limited simi-
those of thé@ °B, state. There has been only one report of @Narity between the VUV absorption spectrum and the fluores-
approximate lifetime of thé\ *B, state of Sik from a laser-  cence excitation spectrum of SiFsuggesting that photodis-
induced fluorescence study of the-X transition, where an  sociation of Rydberg states to fluorescing states of neutral
upper limit of 20 ns was determinédVe have measured the fragments is not a major decay channel. Note also that our
lifetime of the emissions excited at 18.1 eV wii set to  experiments give no values of quantum yields for production
zero and to 23& 50 nm, the peak of the SJiA—X spectrum  of these excited states of Signd Sik. Parent ion emission
(Table ). In both cases a single exponential decay is obfrom theD 2A, state of Sif is observed for photon energies
served with 7=11.0=1.0 and 11.21.5 ns, respectively. in excess of the threshold of 21.5 eV. Because emission from
Since Sib A—X emission dominates the spectrum at thisthis primary photoionisation product is hon-resonant and oc-
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