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Wide fluctuations in fluorescence lifetimes of individual rovibronic levels
in SiH, (4 18,)

J. W. Thoman, Jr. and J. |. Steinfeld
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

R.l. McKay and A. E. W. Knight
School of Science, Griffith University, Nathan, Brisbane, Queensland 4111, Australia

(Received 18 November 1986; accepted 20 February 1987)

We have measured fluorescence lifetimes of individual rovibronic levels in SiH, (4 'B,, 020).
The lifetimes vary widely from one level to the next, ranging from S10nsto > 1 ps. Similar
behavior is seen in the (000), (010), and (030) levels. This behavior is interpreted in terms of
coupling of the 4 B, rovibronic levels with background levels in the X '4, (S,) and @ *B, (T})

states, and thence via predissociation to Si(*P) 4 H,. The irregular variation in the lifetimes
reflects the quasirandom spacings of S, and T, levels in the vicinity of any particular 4 state

level.

L. INTRODUCTION

Silylene (SiH,) hasbeen identified as a key intermediate
in the decomposition of silicon hydrides, such as the chemi-
cal vapor deposition of amorphous silicon (a:Si-H) from
monosilane' or higher silanes,> and in the pyrolysis of si-
lane.® Infrared excitation of suitable precursors also leads to
production of SiH,. While direct infrared multiple-photon
dissociation (IRMPD) of SiH, itself cannot be accom-
plished under collision-free conditions* this species can un-
dergo sensitized decomposition in the presence of SiF,,>

while substituted organosilanes RSiH; (R = ethyl, n-butyl,

or phenyl) undergo facile IRMPD.®

The formation of SiH, in IRMPD of organosilanes has
been established by its detection using laser-excited fluores-
cence (LIF)"® in the 4 'B,<«>X A, band. This intermediate
has also been detected following UV photolysis of phenylsi-
lane.’ During our initial investigations of this species,” we
noticed that the flnorescence excitation intensity distribution
within a vibrational band varied markedly with the detector
gate setting, indicating a wide dispersion in fluorescence life-
times for different rotational levels in the excited state. We
have carried out additional experiments on the IRMPD of
organosilanes, and have measured fluorescence lifetimes for a
large number of resolved rovibronic states in the (000),
(010), (020), and (030) vibrational levels of 4 'B, SiH,. Ro-
tational assignments are available for the A(020)-X(000)
band,'° but many transitions remain unassigned. In this pa-
per we report lifetimes of ~220rovibronic states accessed via
transitions in the 4(020)-X(000) band. Of these, ~ 100
states are identified from known rotational assignments. A
model is presented which accounts for the wide spread of ob-
served lifetimes ( S 10 nsto ~ 1 gs) and which offers insight
on the likely nature of S,-S, and S,- T, interactions in SiH..

. EXPERIMENTAL DETAILS

SiH, was produced by IRMPD of n-butylsilane (Silar
Industries) which was slowly flowed through the experi-
mental chamber at a pressure of S mTorr or less. A CO, TEA
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laser (Laser Science PRF-150s) provided pulses with a
fluence of 5 J/cm? at the 10P(20) line (944 cm™!) and a
repetition rate of 20 Hz. Single rotational levels in the
A'B,(020) —X "4, (000) vibronic band were excited by
100 pJ, 10 ns, 0.5 cm ™' FWHM pulses from an excimer-
pumped dye laser (Lambda Physik EMG101E + F1.2002).
The resulting LIF was imaged through a Corning 2-62 glass
filter onto a Hamamatsu R928 photomuitiplier with a rise
time of 2.2 ns. The overall equipment-limited time constant
is approximately 5 ns, The delay between photolysis and LIF
probe laser pulses was kept at 2 ps or less for most of the
experiments. Other details have been described elsewhere.’

Excitation spectra were collected with a gated integra-
tor and boxcar averager (EG&G/PAR 162/165) and dis-
played on a strip-chart recorder. Fluorescence decay curves
of individual rotational levels were collected with a Tek-
tronix 7912AD transient digitizer controlled by a MINC-
11/03 laboratory computer. Typically 1024 laser shots were
averaged to produce one decay curve. Background scans,
produced by blocking the probe laser, were collected for
each decay curve and subtracted from that curve to give a
zero base line. The data records were transmitted to a VAX
computer for analysis of the observed decay curves in terms
of single or double exponentials, using a least-squares meth-
od.

The production of SiH, via UV photolysis of phenylsi-
lane (Silar Industries) was also investigated. As with the IR
photolyses, collinear and counterpropagating loosely fo-
cused photolysis and probe laser beams were employed. An
excimer laser (Lumonics 860-1) provided 1 to 5 mJ per
pulse in a 10 ns FWHM pulse at either 193 nm (ArF) or 248
nm (KrF). In additional experiments at Griffith University,
UV pulses were generated using the frequency quadrupled
output of a Molectron Nd:YAG laser system in conjunction
with a 0.5 m Raman cell filled with H,. The fourth harmonic
of the Nd:YAG at 266 nm, and the first three anti-Stokes
lines were used for photolysis, along with a Molectron dye
laser pumped by a second Nd:YAG laser for the probe. An
EMI 9816QB photomultiplier tube was used for detection in
the latter experiments.
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lil. RESULTS
A. SiH; production mechanisms

The most efficient method we have found for production
of SiH, is IRMPD of alkylsilanes, such as n-butylsilane. Two
mechanisms have been proposed for this dissociation, a four-
center elimination of silane,®

CH,CH,CH,CH,SiH, — CH,CH,CH=CH, + SiH,
(D

and a three-center elimination of H,,?

CH,CH,CH,CH,SiH, ~ CH,CH,CH,CH,SiH + H,.
(1)

In these mechanisms, the SiH, is not a primary photolysis
product, but rather arises from secondary IRMPD either of
the vibrationally “hot” silane produced in (I), or of the sub-
stituted silylene in (II). The experiments reported here can-
notdistinguish between these two possibilities; the SiH, signal
is observed within the CO, laser pulse, indicating rapid sec-
ondary IRMPD. A third possible mechanism, three-center
elimination to produce SiH, directly,

CH,CH,CH,CH,SiH, - C,H,, + SiH, (II1)

was discounted on the basis of the low yield observed of
saturated alkane.®

Molecular orbital calculations at the 3-21G level in the
analogous ethylsilane system'! suggest that while the mech-
anism (I) products are thermodynamically most stable, the
four-center elimination channel required to reach them has
the highest potential energy barrier. The lowest barrier is
associated with the least stable products, i.e., mechanism
(II). Additional evidence for mechanism (II) is that while
the calculated barriers for (I) and (III) lie above the SiH$
A !B,) excitation energy, no spontaneous chemilumines-
cence is observed. Additional calculations on the RRKM
rates for each of these dissociation channels are currently in
progress.'!

Although SiH, has been frequently observed in the UV
photolysis of phenylsilane,”*'? it appears to be formed in
much lower yield in this case than in the alkysilane IRMPD.
Based on comparison of relative LIF signal strengths, photo-
lysis of #SiH; at 193 nm yields only on the order of 1% as
much SiH, as does the alkylsilane IRMPD, under our experi-
mental conditions. Use of 248 or 266 nm photolysis wave-
lengths yields no detectable SiH,, even though the pulse ener-
gies are 5 to 30 times greater than at the 193 nm wavelength.
Measurements were also made at wavelengths Raman shifted
from the Nd:YAG fourth harmonic, viz., 240 nm (4S,), 218
nm (A4S,), and 200 nm (A4S;). In none of these instances
could SiH, be observed. Eley et al.'* have decomposed #SiH,
with the 206 nm output of an iodine lamp, presumably with
intermediate formation of SiH,. These experiments measured
integrated product yield, however, and a quantum yield was
not established. Our failure to observe SiH, with photolysis at
200 nm is probably due to the extremely low pulse energy
available to us at that wavelength. It may also be noted that
IRMPD of ¢8iH; produces SiH, at a yield only a few percent
ofthatforbutylsilane, undersimilar conditions,’ even though
#SiH, undergoes quite facile IRMPD.® In summary, it ap-
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pears that #SiH, can be photolyzed only in the 'B;, ~'4,,
absorption band below 210nm, in agreement with the conclu-
sions of Eley et al.,'* and that SiH, formation is only a minor
channel in the UV or IRMP dissociation of ¢SiH;. This will
beimportant later for estimating the SiH, 4 ! B,—X ' 4, tran-
sition moment from absorbance data.

B. Lifetime measurements

Decay curves were measured, as described above, follow-
ing excitation of 220 lines in the (020)~(000) band of the
A4 ' B,-X ' 4, transition of SiH,. Of these, about half could be
identified with specific rotational levels using the assignments
of Dubois.'® The remaining lines have not been assigned and
are probably perturbed, as will be discussed further below.
Most of the observed decay curves are exponential, as illus-
trated by the example shown in Fig. 1(a). Decay times de-
rived from an exponential fit to the data and associated rota-
tional assignments, where known, are given in Table 1. The
precision of the exponential fit is generally within 4 5%. Ta-
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FIG. 1. Measured decay times of selected rovibronic levels in SiH,
A 'B,(020). (a) 7,7~7,sline at 17 167.3 cm™*; decay time = 13 ns. (b) Ex-
citation of blended Oyy—1, and 1,4~2,, features at 17 231.9 cm™'; decay
times = 27 and 898 ns. We believe that the long decay time should be as-
signed to the Oy, level.
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TABLE I. Measured decay times for excitation features in the (020)-(000) band of the 4 'B,~X '4, transition in SiH,.

yom™! Assignment® n,ns v,em™! Assignment® nns  ¥,em™! Assignment* 7,08 V,em~! Assignment* T,ns
17481.4 647 — 634 7 173423 75 172597 515 — Sos + Sos — 413 17 172022 35— 4y 12
17480.8 633 — Sos 10 17340.1 14 172586 303 — 2y + 44— 312 12 171986 7
17480.8 633 — Sos 129 173389 9 172581 616 — 605 + 717 — T 60 17197.1 122
17479.1 38 173344 1275 17257.3 10 171943 8
174742 844 — T + 46 — 84 8 173324 84— 36+ 523 — 515 6 172542 24— 2, 137 171916 3, — 4y 9
174722 Tes— s 9 173303 4y — 4y 5 172542 2, -2, 8 171910 2
174718 12 173295 7 172526 30 171900 9
17460.3 401 173295 126 172511 112 171900 789
174603 6 173274 3y — 4y 7 172511 8 171891 9
17457.5 6 173238 6 172503 8),— 8, 738 171836 303 = 4134 6,5 — 6, 22
174449 7 173223 45, = 5p3 + 105, — 9, 5 172503 8, — 8y, 11 171818 7
174449 434 173208 533 —dyy + 510 — 4o 22 1724938 7 171812 991
17442.1 9,5 — Byg T 173174 Ty 6y 9 172495 Tz — T 106 171812 12
17439.4 13 173165 1045 — 115 7 172495 Tor— Tz 28 171803 228
174314 75— Tor 104 1731438 822 172486 23 171787 133
174289 4, —3y s 173126 6 1724738 605 — 616 6 171757 10
174209 633 — 53 23 173126 612 172456 Sos — Sis 4 Sia = 524 10 171721 606 — 634 9
174150 9,095 31 173117 9 172442 T — 1y + Te— Tae 121 17169.3 4o~ 514+ 515 — 6ag 166
174127 80 173117 220 172432 262 — 2,3 + others 19 17169.3 40— 514+ Sy5— 625 15
17407.5 4, — 55 13 173115 9 172426 35— 31 14 17168.0 Tas — 836 8
174064 44— 55 13 173095 7 172417 1 171673 T —Tas 13
17404.5 30— 3n 8 173078 32— 3 6 172417 10 171655 9
17 396.1 4, — 4y + 35— 3y, 5 173070 98— %8 9 172415 1, — 4, 11 171636 1175
17 394.6 643 — 54, 9 173063 45— 3y 12 172415 35 — 4y, 122 171627 7
17 393.2 8 173063 45— 3 86 172402 49 171594 81
173924 Ta6 — 616 + 532 — 524 9 173020 43,5, 94 172383 12 171588 6
173924 Ta6— 616+ 532~ 54 110 173020  4;,— 5, 10 172315 159 171580 Sp4 — 655 7
17 388.1 947 — Bas 10 173011 9 172352 919 17156.6 2
17 386.3 8 172978 826 — Taa 20 172352 38 171554 505 — 615 7
17385.2 Tys — 643 5 172969 50— 514 7 172336 1y — 2y, 17 171542 6
173837 124 172958 43— 5, 6 172319 Ogo— lio+ 11p— 259 27 171526 8
17383.7 7 172906 65— 615 8 172319 Ogo — 110+ 110 — 230 898 171502 87
173812 52— 65, 11 172877 Tas—Ths 6 17230.2 9 171499 7
17379.4 127 172850 8 172302 1082 171483 14
173779 645 — Tae 7 172850 741 172255 1130 171467 10
17375.1 13 172789 915 — 909 + 413 — 3, 16 172255 8 171452 8
173717 520 — e 9 1727113 10— Ogp 14 1722338 87— Tas 856 171419 7
17370.6 1047 — 94 26 172739 Sis — 42 8 172238 J— 30 171399 29
173617 43— 35, 0 172722 T3 — 635 14 172220 Tys — Bag 58 171393 6,5 — Tas 77
173617 4,,— 3, 9 172711 12 172193 8 171380 T — 8y 7
17 360.4 207 172711 196 172202 606 — 532 7 171374 12
17359.6 4, — 4, 5 172701 ST 172179 2= 3, 7 171370 13
17 358.0 86— 81g 20 172701 108 172172 9 171368 10
17356.8 126 17268.9 11 172159 10 171363 9
17 356.8 6 17268.1 10 172155 12 171350 9
173553 473 17268.1 290 172132 Tae=Taa+ 21— 3y 12 171339 9
17355.3 9 17266.6 1y~ g 16 172128 7 171327 24
17354.5 630 — 624 7 172654 20— 330 7 172118 80 171298 11
173535 Tus — 815 6 1726438 72 172105 13 171267 129
173529 3, -2, 16 172646 10 172084 31 171230 9
17 348.4 304 172638 243 — 247 + others 13172076 S04~ 634 678 171206 10
17 347.6 8 172618 605 — 514 + 313 — 30 150 17207.6 534~ 634 61 171203 11
17 346.1 84 172618 6as — 514+ 313 — 303 7 172052 422 171190 397
17 346.1 10 172610 4,,—4, 9 172049 58 171177 23
173455 43+ -1, 164 172597 515 — 505 + Sos — 413 109 17203.8 836~ 946 19 171177 107
173455 4342, 15, 8 172026 95— 936 10

* Following standard spectroscopic notation, upper state rotational quantum numbers are given as Ji ,, with upper state quantum numbers given first.
Assignments are based on those of Dubois (Ref. 10). For the (020) band, ¥, = 17248.2cm™', 4 =24.80cm™ ', B=523cm™,, C=391cm™".

ble I also includes lifetimes derived from a number of mea-
surements in which nonexponential decay curves were ob-
served. These nonexponential decays wereanalyzed readilyin
terms of asum of two exponentials, asshownin Fig. 1(b). The
most obvious explanation for biexponential (or multiexpon-
ential ) decay in theseinstances is that two (or more) different
transitions were simultaneously excited, due to blending of
some rotational lines in the SiH, 4-X transition. Interpreta-
tion in terms of intermediate-case behavior is unlikely to be
correct, as discussed further below.

We contrast our observations of a few biexponential de-
caysamong mainly exponential decays, with the observations
of Inoue and Suzuki.'* These authors used broader band-
width excitation and noted that most of their observed flu-
orescence decays were double exponential, with a “weak, fast.
component” of 30-60 ns, and a “main, slow component” of
0.6us. Suchan apparently biexponential decay can arise from
asuperposition of fluorescence signals from levels with a wide
range of decay rates,'>'® which would be excited with the
relatively broadband excitation used by Inoue and Suzuki in

J. Chem. Phys., Vol. 86, No. 11, 1 Junse 1887
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their measurements.

The most striking aspect of our data is the very wide
variation in measured lifetimes, from only a few ns—near the
lower limit of the response time of the measuring apparatus—
to greater than 1 us. Since, under our conditions, the mean
free time between gas-kinetic collisions is > 10us, all but the
very longest lifetimes should be unaffected by collisional
quenching.

Figure 2 shows the distribution of our measured lifetimes
just for those transitions which have been assigned, ordered
by rotational energy in the upper vibronic level. Most of the
lifetimes for these transitions are 150 ns or less, with only a
few of the very long lifetimes appearing. Figure 3 illustrates
the scatter observed in all of the measured lifetimes. Here the
lifetimes are sorted by excitation line position rather than by
A ' B, (020) rotational energy simply because assignments
areunknown for about halfthe decaying levels. Nevertheless,
these data illustrate further that the spread in lifetimes is sub-
stantial.

Lifetimes measured following excitation of lines in the
(000), (010), and (030) bands of the SiH, A-X transition
also display a wide variation, from a few nsto ~ 1.5 us, but as
forthe (020) level, the majority of lifetimes are observed to lie
withintherange S 10-150ns. Figure 4illustrates this qualita-
tively by way of excitation spectra of the (000)—(000) band,
measured as a function of detector gate delay after the fluores-
cence excitation pulse. In each case, the SiH, population sam-
pledisthenascent ground-statedistribution after the photoly-
sis pulse. The uppermost spectrum corresponds to
fluorescence detection in the time range 0-50 ns, following
the excitation pulse. The next two spectra correspond to de-
tection time ranges 185-235 ns and 835-885 ns, respectively.
Inspection of the rotational lines marked “x”, “y”, and “z”
shows that there is a dramatic variation in the persistence of
fluorescence from the three 4 'B, (000) rotational states re-
sponsiblefor these features. The featurelabeled x corresponds
to a relatively short-lived ! B, state. Although it is the bright-
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FIG. 2. Fluorescence lifetimes for assigned transitions in the 4 'B,(020)~

X '4,(000) band of SiH,, ordered by rotational energy in the excited (020)
state.
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FIG. 3. Measured fluorescence decay times for all observed features in the
SiH, 4 'B,(020) -X '4,(000) band, ordered by excitation wavelength.

est line in Fig. 4(a) (0-50ns), feature x has almost vanished
in Fig. 4(c) (835-885 ns). In contrast, feature z persists with
appreciable intensity, even at the longest delay times. Feature

y provides an example of an emitting state with an intermedi-

ate lifetime.

We are confident that the long fluorescence decay times
are in fact attributable to SiH, rather than to an impurity. A
concern that we have addressed is whether the methylene
radical may be responsible for some or all of the observed
long decays. It is conceivable that photolysis of butylsilane
could lead to some CH, (a'4,) fragments; the
b'B,~a"'A, transition of CH, overlaps the spectral region
occupied by the SiH, A <X transition; fluorescence lifetimes
of levels in the CH, ! B, state are in the microsecond range.
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FIG. 4. Fluorescence excitation spectrum of a portion of the SiH,
A 'B,(000)-X '4,(000) band at detection gate settings (a) 0~50 ns, (b)
185~235 ns, (¢) 835—885 ns after the excitation pulse. Spectra are normal-

ized to the peak marked z. See the text for discussion of marked features.
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However, a careful examination of the known line positions
for the CH, b—a transition!” reveals that none of the ob-
served features in the SiH, A(020)-X(000) band corre-
spond to known CH, transitions. The SiH 4 > A«<>X 21 band
is in the 410 nm region.'® SiH, is not expected to be a photo-
lysis product, and in any case its absorption, and those of
other species expected to be present (SiH,, hydrocarbons,
etc.), all lie in the UV.

IV. DEVELOPMENT OF A THEORETICAL MODEL

The wide variation in fluorescence lifetimes found for the
SiH, 4 - X transition would appeartobean extreme example
of thelifetime anomalies first discussed by Douglas.!® That s,
mixing of the rovibronic levels in the SiH, 4 ! B, state with
background levels (either of the @ *B, or high vibrational lev-
els of the X ' 4,) leads to perturbation both in the energy
levels, with the ensuing complications in assigning the spec-
trum, and in the oscillator strength associated with each level.
Such lifetime variations have been observed in diatomics %%
22 and in polyatomic molecules,>>** but the range of vari-
ation found in this system is comparable only to that of the
fluorescence decay rates found in the S, (Z 14, ) state of for-
maldehyde.?*2¢

In order to assess the nature of the interaction leading to
these lifetime variations, it would be very helpful to have an
estimate of the unperturbed pure radiative lifetime 7, . Such
an estimate can be obtained from absorption data using stan-
dard relationships.*® Jasinski'? has measured absorbance on
several lines in the 4 ' B,(020)-X ' 4,(000) band of SiH,,
using the laser resonance absorption flash kinetic spectrosco-
py technique. He estimates 10% absorption for the * Q ; (5)
line at 17 259.44 cm . Using standard expressions for the
rotational partition function,®' assuming a temperature of
300 K, and other parameters from Ref. 12, we estimate an
absorption coefficientk, = 5.9x10"*cm~'and 75, = 36us
if theyield of SiH, in the dissociation is 100%. Since we have
estimated that the actual SiH, yield in UV photolysis of #SiH,
is on the order of 1%, and the resulting value of 77, scales
with SiH, density, this gives us an estimate of ~0.3 us for the
unperturbed SiH, 4 ' B, lifetime. Obiand Mayama®® finda
radiative decay rate of (1.3 4 0.2) X 10° s~ ! for the rotation-
less (020) level in supersonically cooled SiH,, which agrees
reasonably well with our measurement of 0.89 us for the
J=0,K, = 0level [Fig. 1(b)], butis somewhat longer than
our rough estimate from the absorbance data. For the analo-
gousbh' B~ ' A, transitionin CH,, lifetimes in therange 1.3~
4.2 us have been measured*>>* albeit without the degree of
level-to-level variation observed in this system. Gordon and
co-workers®® have recently carried out ab initio calculations
ontheSiH, X '4,,d *B,,and 4 ' B, states; from their calcu-
lated A-X oscillator strengths, we estimate 75,;, = 0.15 us for
the (020) level, which is consistent with the value estimated
from the absorption'? or supersonic beam®®™ data.

Before proceeding with a description of our proposed
model, which incidentally bears both similarities with and
differences from the currently accepted model relating to the
decay mechanisms for S, formaldehyde,>2° it will be in-

structive to further examine the decay data for SiH, 4 (020).

As can be seen from Fig. 2, the majority of measured
lifetimes for assigned transitionsinthe (020)—~(000) band lie
below the estimated value of 7,,. However, there are a few
lifetimesthatare considerably longer thanthe estimated value
of 77,4 . Carefulinspection of the dataleads us to conclude that
there are few correlations between the magnitudes of the ob-
served lifetimes and the rotational quantum numbers of the
emitting states. Very short lifetimes ( %20 ns) are observed
for a variety of states with low J,K, quantum numbers, for
states with high J,K, quantum numbers and for states with
high J, low K, quantum numbers. For example, the three
longest-lived states (in the assigned data set) correspond to
thelevelsJ = 5,K, =2 (678ns),J =2,K, = 1(738ns) and
J=0,K, =0, blended withJ =1, K, = 1 [27 and 898 ns;
see Fig. 1(b)].>®¢ By way of comparison, two examples of
short-lived states are J=4, K, =1
(9ns)andJ/=2,K, =1 (X7ns).

The set of assigned lines for the (020)~(000) band ac-
counts for most of the allowed transitions terminating in A
rovibronic states with J up to about 5. Few of the assigned
lines refer to transitions terminating in states with 5<J<10
(thermal population falls off for J ” X 8). Hence it is highly
probable that many of the unassigned (and therefore pre-
sumably more perturbed) lines correspond to transitions in-
volving higher J values. These observations might be inter-
preted as suggesting that the higher J states couple more
strongly with the perturbing manifold, a suggestion that is
consistent with the ~J? dependence of rovibronic coupling
matrix elements.*’

The model we propose to explain the wide level-to-level
variation in the fluorescence decay of SiH, (4 ' B,) isarrived
at through a process of elimination. Zero-order rovibronic
levels of the 4 ! B, state of SiH,, defined by the quantum
numbers (v,,0,,05,/,K, ,K, .M ) are eigenfunctions of a near-
prolate (x = — 0.873) asymmetric rotor Hamiltonian.'® In
the 4 ' B, state, SiH, is bent at an angle of 123°in its equilibri-
um position. These zero order levels are embedded in the zero
orderlevels of the ground singlet X ' 4, state (equilibrium H~
Si-H angle of 92.1°, near oblate asymmetric rotor with
k= + 0.511)' and the first excited triplet state @ *B, (equi-
librium H-Si-H angle of 118.1° calculated
ab initio,’>*® near prolate asymmetric rotor’® with
= —0.78). _

For discussion, we focus attention on the 4(020) rovi-
bronic manifold. The (020), J =0 level lies 17 248 cm™!
above the X(000), J = O state.’® The & °B,~X ' 4, splitting
has been estimated as ~ 18 kcal mol~" = 6300 cm ™' on the
basis of ab initio calculations®® and photoionization mass
spectrometry.*® This would place the 4 ' B, (020) level ap-
proximately 10 950 cm ™ 'abovea *B, (000). We propose that
zero-order rovibronic levels in the 4(020) state are:

(i) mixed through the nuclear kinetic energy operator
Ty with zero-order levels 7S, = (v,,v,,0;) of the X state,
with coupling matrix elements

W5 Tulvh), (1)

where 1% and ¢ are the zero-order rovibronic wave func-
tions for the X(y.S;) and 4(020) states, respectively;
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(ii) mixed through the spin—orbit operator #, with
zero-order levels yT = (v,,v,,0;) of the a triplet state, with
coupling matrix elements

1| so|¥s5), 2)
where 4. refers to the zero-order rovibronic wave function
for a(yT). Furthermore, the & state and the X state of SiH,
must also be strongly coupled, as has been shown to be the
case in the analogous @ ' 4,~X *B, system of methylene,*!
with matrix elements analogous to expression (2).

A rough estimate of the pure vibronic density of states
shows immediately that the density of background levels is
insufficient to account for the observed variation in the life-
times. The density in S, is approximately 0.05 per cm ™7, and
in T, approximately 0.02 per cm ~ ', at an excitation energy of
17 000 cm ! above the S, origin. We are thus led to consider
the full rovibronic density of states. In doing so, one must be
wary of the strict constraints on changes in angular momen-
tum quantum numbers that normally inhibit widespread cou-
pling between rovibronic manifolds.*” For S,-S, coupling in
SiH,, the matrix elements given by expression (1) are expect-
ed to conform to the usual selection rulesonJand M, i.e., that
AJ = 0and AM = 0. We propose however that the AK =0
restraint may no longer apply. Although the large geometry
changein going from .S, to S, is not itself a sufficient condition
for K breakdown,*? other mechanisms exist at moderate to
high excitation for relaxation of AK == 0.

The relaxation of the AK selection rule has 1mportant ,

ramifications, as we shall discuss below.

§—T', coupling will follow more closely the restrictions
that normally apply in the symmetric rotor case,”’ i.e., the
nonvanishing matrix elements arising from expression (2)
will be those for which AN = 0, + 1and AK = 0, & 1, where
the coupling of electron spin and rotational angular momen-
tum is given by the vector sum J = S + N. The close adher-
ence to these selection rules follows since the geometry of the
triplet state is similar to that of the first excited singlet state of
SiH,. Of course, there will be a small degree of relaxation of
the AK = 0, + 1 restriction due to asymmetry, and due to the
fact that the asymmetry parameter is slightly different in the
S, and T, states. On the other hand, T',-S, coupling in SiH,
should show the same drastic relaxation of the AK =0, + 1
selection rules.

The consequences of the relaxation of the AK selection
rule are as follows:

(i) Rovibronic levels |020;J,K ) in 4 will couple exten-
sively with all |¥S;/,K ') levels (same symmetry, same J, any
K)inX thatlie withinan appropriately close energy interval.
Note that the K stacks in X (near oblate) descend with in-
creasing K, while the K stacksin4 (near prolate) ascend with
increasing K. Hence the number of rovibroniclevels in X, with
appropriate symmetry and the same J, that will be in near
resonance with a given |020;/,X ) level, will be much larger
than if SiH, were cither near oblate or near prolate in both
states.

We have carried out model calculations to establish this
point. The S, vibrational level structure in the vicinity of

A(020) isestimated usingknown vibrational frequencies, >3
andknown orestimated anharmonicities.** Rotational stacks

are built explicitly on each of the vibrational levels and hence
we may determine the number of S, levels that lie within a
spanofafewcm ™' ofeachS;|020;/,K ) state. A typical model
calculation is illustrated in Fig. 5. We see that when the
AK = Orestrictionisrelaxed, thenumberof S|y ;/,K ) levels
lyingwithina + 10cm ™' rangeofaspecificS,;|020;/,K ) state
increases substantially, e.g., in the case of |/ = 7, K = 2), we
find no S, level within + 10cm ™' under the AK = O restric-
tion, but lifting the AK = Orestriction provides ~ 10 accessi-
ble S, levels. (Note that for methylene,*' @-X coupling ma-
trix elements are found to be on the order of 6 cm™".)

(i1) Similar calculations show that 7', -S';, coupling will
be widespread in the vicinity of the 4(020) rotational mani-
fold. In contrast, direct S,~T, coupling will be sporadically
distributed sincethe AK == 0, + 1restriction willhold reason-
ably well. However, since T, and S, are extensively mixed
with each other in the vicinity of §; (020}, and since S, and S,
are likewise extensively mixed, we may suppose that the ei-
genfunction of most of the *“S;(020)” levels will be admix-

Number of Levels Mixed with | J,K >
J _l_(__EJ.cm'l 0 24 681012141618
o o o. ©H
| o} 9. £ B2 AK=0
| 1 29, £AOJ O AK unrestricted
2 o 27, B
2 I 48,
2 2 108.
3 o] 55.
3 | 7s. [3
3 2 136, EHL_
3 3 237. B2
4 o] 9, HA_——1
4 1 2.
4 2 iz2. [
4 3 273 [
4 4 a1, A3
0 o0 503 [
1o | se2s. [
10 2 584, HA_—— ]
10 3 e85 [
10 4 826, I —_——
10 s 1008 BEZAI ]
0 e 12300 T—]
10 7 1494 X |
10 8 1797, T ]
0 9 2141, B ]
10 10 2526, [

FIG. 5. Model caiculations for the number of X '4, levels lying within + 10
em™"! of specific |4 !B,,020,/,K ) levels of SiH,. Measured vibrational and
rotational constants (Ref. 10) and anharmonicities (Ref 43) are used to
estimate the X ', level structure in the vicinity of A 'B, (020). Calcula-
tions are shown for both low-J (0,1,2,3,4) and high-J( 10) zero-order rovi-
bronic levels of 4 '4,(020).
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tures of substantial but varied fractions of the zero-order
states of 8, 7'}, and S,

We now connect the picture of rovibronic coupling that
we have developed thus far, for the SiH, 4 (020) state embed-
dedinthe nearby manifolds of the@ *B, and X ' 4, states, with
the observed wide variations in fluorescence lifetime.

We estimated previously that the pure radiative lifetime
7°.4 of the 4 electronicstateis approximately 0.3 us. Observed
fluorescence lifetimes are found to be both substantially
shorterand substantially longer than 7, . Thelonger lifetimes
may be attributed, in principle, to a substantial fraction of
triplet (@ °B,) or ground state singlet (X ' 4,) character in
the emitting Z(OZO;J,K ) state. Lifetime shortening, on the
other hand, can only occur in the present context if a nonra-
diative channel competes with spontaneous emission.

Asmay be seen from the model calculations presented in
Fig. 5, there is nowhere near sufficient density of S, levels,
even with complete relaxation of the restriction on AKX, to
provideastatistical-case, orevenintermediate-caseradiation-
less decay channel. Our observation of single exponential de-
cays confirms our proposition, which arises therefrom, that
the fast decay times are not a consequence of dephasing fol-
lowing coherent excitation of a bunch of close-lying station-
ary states.

We are thus led to the proposition that the nonradiative
channel that manifests itself as lifetime shortening of the A
state is molecular predissociation, as has also been suggested
by Obi.*® A schematic diagram showing the relevant details
of the energetics for SiH, dissociation to Si 4+ H, is shown in
Fig. 6. The heat of formation of ground-state SiH, is estimat-
ed! 494 to be ~ 66 kcal mol~ ' above the reference state; the
@ °B, state is estimated*®**®* tolieat an energy of 6330 cm ™"
(18 kcal mol ') above S, and the origin'® of the 4 ! B, level
isat 15990 cm ™" (45.7 kcal mol™!) above S,. The heat of
vaporization of Si(s) is ~105 kcalmol™'*’; therefore
Si(g) + H, (g) lies 6 to 7 kcal mol~ ' above the 4 ! B origin.
This is also consistent with the bond dissociation energy of
SiH (D; <3.06eV = 70.5kcal mol~!)."”*® The ground elec-
tronic state of Si is *P, however, and the SiH, singlet surfaces
correlate with Si('S,' D) states which lie at higher energies
than the prepared SiH, levels.!! Since the Si(*P) + H, sur-
face correlates directly with that for SiH, @ *B,, the barrier to
elimination of H, should below for thea B, manifold. Fredin
etal.*® have suggested, on the basis of the Si + H, reaction in
low-temperature matrices, that there is in fact no barrier
along this reaction coordinate. Recall that the lifetimes of
rovibroniclevels of b ! B, CH,, measured by ourselves and the
other workers,>** are of the order of several us and do not
showmarkedlevel-to-level variation. Since the b ! B, statelies
~ 50kcal mol ! below the first C + H, dissociation channel,
the coupling to a dissociation continuum is not possible for
this state of CH,, and thus no lifetime shortening occurs.

We see that there are two ingredients necessary for effi-
cient molecular predissociation from the 4 ! B, state of SiH,.
First, the rovibronic level in 4 ' B, must be coupled substan-
tially to a rovibronic level of @ *B,. Second, that triplet level
must be coupled to the dissociation channel. As we have ar-
gued above, S, and T', arelikely to be mixed only sporadically.
However, S, and S,, as well as T, and S, are likely to be
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FIG. 6. Schematic of the energetics relating to SiH, molecular predissocia-
tion. Energies are in kcal mol™! (see the text for details). The dashed lines
connecting the SiH, @ B, and 4 'B, levels with the Si(g) + H,(g) level are
meant to be merely suggestive of the possible potential barriers.

extensively mixed. Our model calculations show that the mix-
ing is not ordered in any obvious form, but rather it depends
on the quasirandom spacings of Sy and 7', levelsin the vicinity
of the 4 state. Accordingly, the lifetime shortening, a conse-
quence of the squared fraction of dissociative triplet that is
mixed with the S, zero-order state, will vary dramatically.

The question now arises as to why there are some rovi-
bronic states which possess a fluorescence lifetime which may
be significantly longer than the estimated 77,,. Perhaps the
simplest explanation is that these states are mixed most
strongly with the ground electronic state (S,), which cannot
readily dissociate to Si(*P) + H, . If %, were actually much
longer than our estimate ( ~0.3 us), then thisissue would not
arise, since all the observed fluorescence lifetimes would have
been reduced from 7°,,, by the predissociation mechanism we
have proposed. This is quite unlikely to be the case, however,
on the basis of both the absorption experiment'? and theoreti-
cal calculations.*®

V. DISCUSSION

The rovibronic levels of SiH, 4 ' B, are strongly per-
turbed by mixing with background levelsof X' 4 | and a >B,.
This is manifested as irregularities in both line positions (over
half the observed lines are unassigned and cannot be fit with a
standard rotational Hamiltonian) and wide variations of flu-
orescence lifetimes of individual levels. The decrease in flu-
orescence lifetimes, as compared with the expected pure ra-
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diative lifetime, is attributed to predissociation to
Si(*P) + H.,. Silicon atoms have been detected by resonance
fluorescence in rf discharges in silane,***’ and predissocia-
tion of electronically excited SiH, may be one of the processes
leading to atomic Si formation in such systems. We also note
that SiH, is formed in high yield in the IRMPD of alkylsi-
lanes, even though it is not a product of the initial decomposi-
tion step; it is formed in much lower yield in the UV photoly-
sis of phenylsilane.

Our model of the predissociation mechanism involves a
number of background states coupling with each rovibronic
level of 4 ' B,. Since the spectroscopic parameters for the
X ' A, state are not known at these energies, and those for the
@ 3B, state are not known at all experimentally, it is not possi-
ble to calculate lifetimes for specific levels. Some recently de-
veloped algebraic techniques**~*° for finding a distribution of
level spacings in polyatomic molecules may prove useful in
estimating a distribution of detunings, and therefore of life-
times, for a set of levels in such a perturbed molecule. Engel ez
al’! have applied a maximal-entropy procedure directly to
the lifetime data presented here, and have found that the dis-
tribution of lifetimes (and presumably of the associated level
spacings) is fully chaotic.

The wide variation in lifetimes from one level to the next
means that extreme care must be taken in determining, e.g.,
electronic quenching cross sections, since non-Stern—Volmer
behavior will result if excitation bandwidths are insufficiently
narrow to excite only a single rovibronic level.?> Similar pre-
cautions should be exercised when using LIF detection to car-
ry out kinetic measurements on SiH,.
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