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Infrared Laser Spectrum of the Si»~ Anion in a Silane Plasma
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The first rotationally resolved spectrum of the, Sianion has been detected. The spectrum was
recorded in a low pressure air cooled discharge in mixtures of silane and hydrogen producing amorphous
silicon, using infrared laser velocity modulation absorption spectroscopy. Seventy lines between 740
and 820 cm™! were assigned to the’IT,; (v = 1) <—X22;(v = 0) subband of Si". A fit by
standard Hamiltonians gives precise rotational and fine structure constants for the anion.

PACS numbers: 33.20.Ea, 33.15.Mt, 36.20.Kd, 36.40.Mr

The reactive silicon molecules generated in silane plasminating in the work of Oka and co-workers [13] on the
mas used to produce semiconductor material are of corhitherto undetected’Il, — XzE; system. In this Let-
siderable structural and practical interest. Infrared lasefer we describe the first high resolution spectrum of Si
and submillimeter-wave spectra of neutral and cation hyarising from the analogous transition in this anion, ob-
drides containing one or two silicon atoms, e.gyH5i[1], served by infrared laser spectroscopy.

SiHs ™ [2], and SiH™" [3], have been observed, thereby The absorption spectrum ofSiwas recorded in a low
leading to a better understanding of their structure. Thesgressure 45 kHz discharge in mixtures of silane and hydro-
species have nonclassical [1] or cluster geometries [2,3fen using the diode laser spectrometer used earlier to de-
presenting a challenge for theory and an interesting conect SiH* [14]. The air cooled Pyrex discharge tube was
trast with their carbon analogs. While high resolutiongg cm long and 9 mm internal diameter, and frequently
spectroscopy is leading to steady progress in determirheeded cleaning or replacing due to copious deposition of
ing the structure of silicon containing cations, no compa-amorphous silicon. The conditions required for optimum
rable studies of silicon anions have been reported. Thgnion signals were similar to those for SiH namely,
available data on species like SiHare derived from low  gjH,:H, ratios of1:10 at a total pressure of around 1 Torr
resolution techniques like photoelectron spectroscopy [4hnd discharge currents up to 80 mA with a voltage of 4 kV.
supported byab initio calculations [5]. The anion lines were detected using the velocity modula-

Bare silicon clusters and their aniofSi,, Si.”, » = tjon technique [15] and had a maximum signal to noise
2-10) have attracted much attention because of their rolestio of 16:1 with a 300 msec time constant. Seven lead
in inhibiting the growth of device gra}de surfaces ir_1 silaneg;|t diode lasers were used to provid80% spectral cov-
plasmas and, more fundamentally, in understanding Clussrage in the appropriate region. lon lines were calibrated
ter structure [6] and distribution patterns (magic numbersj, an accuracy 06.003 cm ! using GH, and NH; cali-

[7]. However, until recently there was a paucity of infor- p 5tion spectra.

mation even on the simplest siIicqn cluste( anion, Si Figure 1 shows a representative spectrum of SiThe
Some limited structural data on,Si are available from spectrum also contains cation lines which appear with

low resolution photoelectron [8,9] and threshold pho'opposite phase. The absolute phase was determined by
todetachment (ZEKE) [9] spectroscopies. Two eIeCtroniCrecording known cation spectra, e.g., of®f . The initial
states have been identifie?(E; and?Il,, lying very close group of anion lines, found ne&10 cm !, was thought

to each other. The former arises from@w;‘ electronic o arise from SiH~, which has a fundamental band
configuration and the latter fromr;7;, giving rise to an () predicted to lie close to this regiof~870 cm™')
invertedIl, state. Initially the’Il, state was believed [5]. However, as more lines were recorded between 740
to be the ground state, but a reassignment of the photodand 850 cm™! this assignment was rejected for several
tachment spectra led to a reversal of their order [10]. Theeasons. First, the spectrum lacked the characteristic
experimentally determined splittin@,) between théS;  symmetric top structure expected for $iH Second,
and ’II, states is25 = 10 meV (200 = 80 cm™') [10], most of the lines appeared well below the predicted
in satisfactory agreement with high precisiab initio  band origin, i.e., outside any reasonable uncertainty in
calculations (22 meV,180 cm™') [11] which also con- theab initio calculation. Third, the spectrum terminated
cluded that thezﬁg state was the ground state. The sharply at~820 cm™!. Finally, the anion linewidths were
status of the high resolution spectroscopy of Ston-  slightly narrower than those of neighboring SiHlines.
trasts with that of @ . There have been a number of Although this characteristic is not in itself a quantitative
studies of G~ since Herzberg and Lagerqvist [12] first guide to the nature of the carrier, it did suggest a species
detected its visible absorption and emission spectra, culvith more than one heavy atom. When the data from the
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cm-t AMp = 1) — X*3 (v = 0) transition of Si—. The
FIG. 1. Assigned lines forming part of tha’Il, (v = curves were constructed from the fitted parameters given in

1) — X23*(v = 0) subband of Si recorded in a silane Table Il. The experimentally measured rotational components
8

plasma using infrared laser velocity modulation spectroscopy2r€ indicated by @) for the main branches andaj for the
Lines indicated by(+) are cation lines appearing with opposite Satellite branches.
phase to the anion lines.

of rotational levels. Figure 2 shows the Fortrat diagram

reinterpreted ZEKE spectrum [10] ofSiwere evaluated of the six branches. The abrupt high wave-number termi-
it became clear that the new spectrum was most likelyzation of the spectrum just above a quite dense region of
due to theA’IL,n(v = 1) — X°S/ (v = 0) transition  s;j,~ lines is explained by the red shading of the branches.
of Si,”. Although subject to an uncertainty af80 cm™!, A simulation of the spectrum using a rotational tempera-
the origin of this band derived from low resolution resultsture of 570 K, known to be qualitatively correct for sil-
is794 cm™ . icon hydride cations in the same discharge [14], showed

The rotational transitions of the three main brancheshat the bandhead in tH®; satellite branch was too weak
of @I, — 22; subband,P,,, 02, and Ry, should  to detect.
follow a polynomial inJ: # =a + bJ + ¢J? [16]. The Franck-Condon factors were calculated for Morse
The assignment was initiated by identifying ten transi-potential functions usingb initio values of w., w.x,,
tions, spread over many laser modes, which fitted thisnd r, from the results of Nimlos, Harding, and Elli-
polynomial with coefficientd = —0.287 cm™! andc =  son [8]. They are similar to those of,C between the
—0.0185 cm™!. This value ofb is very close to that same vibrational levels of thd and X states. How-
estimated fromB’ — 2B" using the low resolution in- ever, the most intense bar(@’, v'") = (0,0), which in
ternuclear distances for the> and 2II states [8,9], C,” has an origin aB929 cm™! [13], lies in the far in-
and identified this branch a8,,. Combiningb and ¢ frared region(~200 cm™!) in Si,~, outside the range of
(= B’ — B") enabledB’ andB" to be separated and mem- diode lasers. Among other low lying vibrational levels
bers of theP,, andR,, branches to be assigned. Transi-the observed band, 0) is among the strongest. In other
tions in theQ,;(J) and P, (J) satellite branches could be regions accessible with diode lasers tf¥%0) band at
identified because they are close to corresponding maif220 cm~! (1l3/, «— 23) and 1340 cm™! (11,5 « *3)
branch component®,(/ — 1) and 0,,(J — 1), respec- s also strong with a Franck-Condon factor about a quarter
tively, from which they are separated by, wherey is  of the(1,0) value. A search revealed lines with the same
the spin rotation constant in tﬁég state. Lines in the chemical characteristics as,Siin both regions. How-
R, satellite branch were assigned once a more completever, insufficient laser coverage prevented the recording
fit had been made. The assignment is unambiguous evef sufficiently large sections of the spectrum to make an
dence for the ordering of the vibronic states involved inassignment. Since tHdI state is only~200 cm~! above
the spectrum; an alternative rotational assignment pladhe ground state, it is reasonable to assume a considerable
ing thezzg vibronic state above thell, state is impos- population of at least thee = 0 level in the discharge.
sible. This result consolidates the earlier evidence for th&he Franck-Condon factors for several vibronic transi-
22; state as the ground state. As expected from nucledions originating from the’Il state are large enough to
spin statistical factors?fSi, I = 0) negative parity rota- warrant future searches.
tional levels are missing in the lower state and positive The data for the subband were fitted by the Hamilto-
parity levels are missing in the upper state, leading to thaians used by Miller, Suzuki, and Hirota [17] foE and
absence ofA doublet splittings and instead a staggering’Il states in their analysis of the analogou& system of
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N,". Representative assigned lines and their fitted valuethat the plasma chemistry is similar to that observed by
are given in Table I. A least squares fit of over seventyPerrin et al. [18] in their study of a low pressure, low
lines to eight parameters yielded the results in Table Icurrent multipole discharge in silane. At the lowest pres-
with a standard deviation @f.0036 cm~!. Without data sures they used (0.2 mTorr) they found that the ion sig-
from the other subbanaﬂug/z(v =1) «— 22;(v = 0), nals of S}~ and SiH ~ were closely similar, but at higher
the spin orbit constamt could not be determined and only pressures (up to 10 mTorr) the,Sisignal was tenfold
the combination of parameters;,, — A/2, was well de- larger than SiH~. They proposed that §i was mainly
termined. In the fit the constamt was fixed at its low produced by hydrogen elimination when disilicon hydride
resolution value of—122 cm~!. If the v = 0-1 spac- anions likeSi,H, react with silane. In fact, other than
ing of 533(+5) cm™! is adopted for theéIl state [10], at the lowest silane pressures, mass spectrometric results
then the present results givik, = 218 cm™~!. This is  generally show that disilicon anions are the most abundant
in satisfactory agreement with experimental and theoretispecies. In rf deposition plasmas at even higher pressures
cal values off,. The values of the internuclear distances(~70 mTorr) [19] the dominant silicon anion is Sils~.
in the lower and upper states derived from the accuratélthough it is important to remember that the plasma in
rotational constants in Table Il avg = 2.113616(11) A the present experiment uses much higher relative propor-
and r; = 2.192150(14) A. In the absence of vibration- tions of H,, for reasons of stability, it will be worthwhile
rotation constantsa,) from the experiment we have cal- investigating the silane plasma over a wider range of com-
culated them fronab initio data and combining these with positions and pressures as a source of other new spec-
the experimentalB values yieldsr.(X>3) = 2.1104 A tra. These would obviously include the spectra of SiH
and r.(A’IT) = 2.1798 A. These are very close to the and SjHs~. Silicon hydride anions are also the primary
photoelectron results both for tH& state (2.127 [8] and source of particulate contamination in rf silane deposition
2.116 A [9]) and for the€'Il state (2.187 [8] and 2.207 A plasmas [19,20], an important factor limiting the quality
[9]). The most recen@b initio values 2.092 [11] and of amorphous silicon they produce. The infrared absorp-
2.160 A [8] ¢X state) and 2.159 [11] and 2.197 A [8] tion spectrum of Si~ could provide a convenient non-
(*I1 state) bracket the present experimental results. invasive method for investigating anion behavior in such
The absence of any anion signals which could be atplasmas. Finally, bearing in mind the success of high res-
tributed to SiH~ merits comment. Shen and co-workersolution ir laser spectroscopy in detecting bare carbon clus-
[5] predicted that this species should have quite an inters [21] the extension of the present work to larger silicon
tense fundamental close to the search region. It suggestiusters should be considered. Raghavachari and Rohlfing
[11] have calculated structures and vibrational frequencies
for Si;~ (and higher clusters). §i hasC,, symmetry
TABLE I. Representative spectral linegcm™') in the  and two low lying electronic states with at least one vi-
A’ (v = 1) — X*37 (v = 0) band of Si". brational mode accessible to diode laser spectroscopy.
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25.5 792.903 0 h
23.5 795.282 5 of a Franck-Condon factor calculation program. Dr. N. A.
215 797.507 2 Martin kindly loaned us some of the diodes used in this
Py 30.5 787.489 -3 project.
26.5 792,717 1
20.5 799.433 -3
021 30.5 802.775 —1
28.5 804.463 3
24.5 807.385 0 TABLE Il.  Spectroscopic constantem™') of the X*3} and
22.5 808.621 -5 AI1, states of Si~ (1o uncertainties in the last digits in paren-
20.5 809.715 -5 theses).
R 29.5 802.997 0
” 275 804.672 5 M@ =1 YW =0
23.5 807.561 -2 Tio 751.2795(11)
21.5 808.792 3 A —1222
Px 31.5 769.082 2 B 0.250 776(23) B 0.269 758(23)
25.5 780.092 3 D 2.39(7) X 1077 D 2.60(7) X 1077
21.5 786.694 -3 p —4.88(87) X 1074 Y 7.247(33) X 1073
Ry 30.5 818.589 -6 q —1.36(99) X 1073
28.5 819.282 4

¥ixed at the value from photoelectron spectroscopy [10].
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