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Species Using a 121-nm Vacuum Ultraviolet Photolysis Source
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Vacuum ultraviolet photolysis (121.6 nm) of silane in a nitrogen matrix at 12 K leads to the observation of
several transient species, which have been characterized using Fourier transform infrared spectroscopy. Four
transient species containing silicon and nitrogen have been observed $§MW),, HSIN,, and HSiN,), and

one transient species containing only silicon and hydrogen has been observed. The assignment of the infrared
bands due to each of these species is accomplished by performing isotopic substitution experimgnts (SiD
5N,, and mixtures with Sigland*N,), matrix annealing experiments, W\Wisible photolysis experiments,

by comparison with previous experimental matrix isolation frequencies, where available, and forangiN

H,SiN, by comparison to B3LYP/aug-cc-pVTZ-calculated vibrational frequencies. The observation and infrared
assignment of the HSiNand HSiN, molecules in these experiments is significant in that H3ils not

been previously reported in the matrix isolation literature, ag8ilN, has only been reported once previously

by a different route of formation. The energetics of the overall formation pathways for the molecules observed
in these experiments is discussed using B3LYP/aug-cc-pVTZ calculations.

Introduction collision free environment the excess excitation energy would
most likely cause further, rapid dissociations and therefore
hamper the efforts to directly observe these species.

The matrix isolation spectroscopy technique can help in this

Silane (SiH) is an important and widely used material in
the semiconductor and electronics industry in the manufacture

of thin films of silicon, silicon dioxide, silicon nitride, and any ; ) ; S0 .
other material requiring silicoh.Typically the thin films are r_egard, given that one of Its primary uses IS in the characteriza-
deposited onto a substrate by the use of chemical vaport'on of transient and reactive species. There has only been one
deposition (CVD) processing, whereby gas-phase reagents aré€Vious matrix isolation study of the VUV photodissociation

decomposed by some means of energy input into solid-phase® SiHs by Jacox and Milligart: In this study, Sik was

inorganic material3 The most common method used in CvD  d€posited in a 12 K argon matrix while being simultaneously
for decomposing the reagents is high-temperature pyrolysis, photolyzed W'th 121..6-n.m photons, and t.he resulting prpducts
known as thermal CVD, but the use of high-frequency plasmas, were examined using |n_frg_md_ and Bvis _spectroscoples. .
known as plasma-enhanced CVD, and high-energy photolysis,Al_though several of th_e initial mf_rared assignments m_ade in
known as photoassisted CVD, have also come into use. t.h's study .pr_oved to ultimately be |ncqrr§ét,15 are-examina-
Photoassisted CVD has several advantages over thermal offon (?f their infrared spectra seem 1o |nd|c§t¢ thaF .the transient
plasma-enhanced CVD in the use of lower substrate tempera-SPECieS observed were SikSith, SiH, and Si (identified from
tures, lower amount of damage to the substrate and depositec}h_e UV_V'S spectra)._ In thelr_s_tudy of the photodissociation of
layers, and the potential for minimizing side reactions. To fully SiHy in argon matrices, M|I!|g§1n and J.acox alsp reported
realize these advantages, a complete understanding of theperformmg VUV phot'od|ssouat|on experiments with S'Iﬂ
mechanism of photoassisted CVD is needed, including dominantlz_ K nitrogen matrices and ohserved several previously
fragmentation pathways and reaction intermediates in various Unidentified infrared bands at 2026, 2012, 1755, and 1738 cm

environments and conditiorts. in these experimenfd. They speculated that the peaks they

When silane is used as the reagent for photoassisted CVD,obser\(ed might be due to Species of the typ_e@pj;—lhowever,
the wavelengths required are in the low ultraviolet or vacuum- they did not fully analyze the_ nitrogen matrix infrared spectra
ultraviolet (VUV) region. The VUV photodissociation of SiH and t.herefore never made definitive assignments for thgse bands.
in the gas phase has been studied previously by several" this yvork, the pr.od.ucts' of the; VUV phptonS|s .Of Sikh a
researcher;? and the primary photoproducts that were detected 12 K nitrogen matrix is reln\_/estlgz_ateq using Fourier transform
were silicon atoms, the SiH radical, and atomic and molecular !nfrared spectroscopy. The |_dent|f|cat|_on and assignment of the
hydrogen. This is in contrast to the thermal CVD process using INfraréd bands of the transient species formed in the current
SiHy, in which the dominant intermediate is thought to be SH gxper|meqts was agcolr?phshed b}’ performmg |§otop|1(: substitu-
Part of the ambiguity in the gas-phase photodissociation studiestion experiments (Sik) N, and mixtures with Sitdand “No),
is that, due to the very low pressures used, even if higher silicon

matrix annealing experiments, U\Wis photolysis experiments,
hydrides, such as Sitor Sk, were being formed, in the nearly by comparison with previous experimental matrix isolation

frequencies, where available, and for two of the transient species,

* To whom correspondence should be addressed. E-mail: jcall@psu.eduPY compgrison to B3LYP/aug-cc-pVTZ-calculated vibrational
Phone: (814) 898-6334. Fax: (814) 898-6213. frequencies.
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Experimental and Theoretical Methods

The details of the matrix isolation apparatus used in these
experiments have been described previod&ly the current
experiments, +2% mixtures of SiH (Scott Specialty Gases,
99.9999%) in N (Praxair, 99.9995%) were deposited onto a
Csl window at 12 K for 3-4 h at a rate of 24 mmol/hour
while simultaneously photolyzing the mixture with the 121.6-
nm Lymane radiation from a hydrogen resonance lamp
(Opthos). This lamp consists of a quartz tube body that is sealed
with a Mgk, window and filled with a mixture that is 10%
hydrogen and 90% argon at approximately 1 Torr. The gas is
excited using an Evenson-Broida microwave discharge cdvity
(Opthos) powered by a 300-W microwave power supply
(Sairem, 2540 MHz) typically operating at 40 W. Infrared
spectra were recorded on a Nicolet Nexus 670 Fourier-transform
infrared spectrometer at 0.5 or 1.0 chmesolution, with at least

128 or 256 scans co-added, respectively. In several experiments

the deposited matrices were annealed to temperatures betwee
20—30 K for approximately 30 min, followed by recooling to
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ﬁigure 1. Infrared spectra in the 236@00 cnT? region for deposition
of 1% SiH, in nitrogen at 12 K fo 2 h (lower) and deposition of 1%
SiH,4 in nitrogen at 12 K fo 4 h with simultaneous photolysis by a

12 Kand rescanning of the SpeCtra. In addition, several deposit5121'6_nm hydrogen resonance |amp (upper)_

were subjected to U¥visible photolysis using the full output
(UV plus visible) or long pass filtered output (visible only; 400
nm cutoff) of a 200-W HgXe arc lamp (Thermo-Oriel).
Isotopic experiments were also performed utilizing SiBpectra
Gases, 98% D) and®N, (Cambridge Isotope Laboratories,
98+% 15N) and mixtures of these isotopic gases with Sifd
14N2_

For two of the transient species observed in the current
experiments (HSibland HSIiN,) and one potential transient
species (HSIiNy), density functional theory calculations using
the B3LYP hybrid functiondf1® and the aug-cc-pVTZ basis
sef®22 were performed to predict equilibrium geometries and
vibrational frequencies. The geometries were fully optimized
using tight convergence criteria, and vibrational frequencies were
calculated using analytical second derivatives. To aid in the
discussion of the energetic of the possible formation pathways
of all of the transient species observed in the current experi-

ments, geometry optimizations and frequency analyses were also

performed for all other species at the B3LYP/aug-cc-pVTZ level
and zero-point energy corrected interaction energies for the
various possible formation pathways were calculated. All
calculations used the Gaussian 03 suite of progré@ms.

Results and Discussion

Infrared Spectra. A series of experiments were performed
in which samples of Silin N, are deposited onto a Csl window
at 12 K while simultaneously being photolyzed with the 121-
nm VUV radiation from a hydrogen resonance lamp. Typical
infrared spectra of a photolyzed vs unphotolyzed SitHN;
sample at 12 K are displayed in Figure 1, and as can be seen
there are several new absorptions that appear upon VUV
photolysis of the sample. The absorptions at 836.8 and 939.1
cm ! are readily assigned to the stable moleculgHgi!13:15
There is also a weak, broad absorption at 873.2cemd a
sharp band at 876.3 crhthat grows in upon annealing to 30
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Figure 2. Infrared spectra in the 236700 cn1? region for 1% SiH

in N, deposited at 12 K (a) with simultaneous 121.6-nm hydrogen
resonance lamp photolysis for 4 h, (b) after 4@D0-nm irradiation
for 30 min, (c) after 2006-900-nm irradiation for 30 min, and (d) after
annealing to 30 K for 30 min.

assigned to transient species containing silicon and nitrogen,
and the specific assignments are made on the basis of annealing
experiments, UV-vis photolysis experiments, isotopic experi-
ments, previous experimental matrix isolation studies where
available, and density functional theory calculations in two cases.
The sequence of experiments that proved to be the most useful
jn making the assignments for the Si- anglddntaining species
was to follow the initial VUV photolysis deposition by filtered
Hg—Xe lamp irradiation £ > 400 nm) of the sample for 30
min, which was then followed by unfiltered Hge lamp
irradiation ¢ > 200 nm) for 30 min, and finally 30 K annealing
for 30 min. Spectra resulting from the experiments with SiH

K that are close in frequency to bands that have been assignedt N5, SiD4 + %Ny, SiHs + 15Ny, SiDy + 9N,, SiHg + 14Ny

in previous matrix isolation studies to higher saturated silicon

+ 15Ny, and SiD + N, + 1N, mixtures are displayed in

hydrides, such as $is.131°A broad band is observed at 1100.4 Figures 2-7, respectively, and the absorption bands for the
cm~! that is in very good agreement with several previously major trapping sites (assigned below) observed for the silicon-
reported experimental matrix isolation assignments of the and nitrogen-containing transient species are listed in Table 1.

antisymmetric SH—Si stretching mode for a dibridged,Si,
molecule in neon and argon matricé2*25and on the basis of

For each of these mixtures, experiments were also performed
in which, after the initial VUV photolysis deposition, the sample

this agreement, we assign this peak as such. Of the remainingwas annealed to 20, 25, and 30 K for 30 min at each temperature

absorptions, the bands between 2300 and 17001 came

and these spectra are given in the Supporting Information. For
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Figure 5. Infrared spectra in the 236400 cnt? region for 2% SiD

in 5N, deposited at 12 K (a) with simultaneous 121.6-nm hydrogen
resonance lamp photolysis for 4 h, (b) after 4@D0-nm irradiation

for 30 min, (c) after 206-900-nm irradiation for 30 min, and (d) after
annealing to 30 K for 30 min.
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Figure 3. Infrared spectra in the 236400 cnT? region for 1% SiQ

in “N, deposited at 12 K (a) with simultaneous 121.6-nm hydrogen
resonance lamp photolysis for 4 h, (b) after 48D0-nm irradiation

for 30 min, (c) after 206-900-nm irradiation for 30 min, and (d) after
annealing to 30 K for 30 min.
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Figure 4. Infrared spectra in the 236640 cnT? region for 1% SiH
in 1N, deposited at 12 K (a) with simultaneous 121.6-nm hydrogen
resonance lamp photolysis for 4 h, (b) after 48D0-nm irradiation
for 30 min, (c) after 206-9000-nm irradiation for 30 min, and (d) after
annealing to 30 K for 30 min.
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Figure 6. Infrared spectra in the 2360645 cn1* region for 1% SiH
in a 1.5:11“N,:*5N, mixture deposited at 12 K (a) with simultaneous
121.6-nm hydrogen resonance lamp photolysis for 4 h, (b) after400
900-nm irradiation for 30 min, (c) after 26®00-nm irradiation for
30 min, and (d) after annealing to 30 K for 30 min.

the assignment of two of the Si and Bontaining species, the
progressive annealing experiments proved to be crucial, anding the failure of conventional ab initio methods to properly

portions of these spectra for the SiH 1N,, SiDs + 14N,
SiH4 + 15Ny, and SiD + 15N, experiments are displayed in

describe the bonding and vibrational frequencies of the, SiN
molecule as weR%2830-32 Maier and co-workers have per-

Figure 8. It was also determined that these same two speciedormed a fairly extensive set of theoretical calculations, in

possessed SiH vibrations, and therefore mixed SjH- SiDy4

conjunction with their experimental work, for a wide range of

+ 1“N, experiments were performed, and expanded portions of silicon-, nitrogen-, and hydrogen-containing transient species,
the spectra resulting from these experiments are displayed inincluding several observed in these experiments, using density
Figure 9. functional theory®36 and have shown that the B3LYP hybrid

Theoretical Calculations. Several of the species observed functional is capable of adequately describing the bonding
in these experiments have been theoretically characterizedstability and vibrational frequencies of these species. Therefore,
previously using various ab initio and density functional theory density functional theory calculations using the B3LYP hybrid
method>36 For the HSIN molecule, the only previous functional have been performed for the H3iNolecule as well
theoretical study was the work of Ornellas and Iwata, in which as for the HSiN, and HSiN, molecules. In this work, we have
they examined the [H, Si, N, N] potential energy surface at the chosen to use the aug-cc-pVTZ basis set because it has been
Hartree-Fock (HF), second-order MglleiPlesset (MP2), and  shown to be useful in characterizing the energetics of weak
coupled cluster with single, double, and perturbative triple complexes’ 3 The optimized structures of these three mol-
excitation (CCSD(T)) levels; however, it was found that only ecules are shown in Chart 1, and the calculated vibrational
the CCSD(T) method predicted thermodynamic stability for the frequencies and intensities of each vibrational mode are listed
HSIN, isomer32 Similar conclusions have been reached regard- in Table 2.
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Figure 7. Infrared spectra in the 236400 cnT? region for 1% SiQ

in a 1:1'N25N, mixture deposited at 12 K (a) with simultaneous
121.6-nm hydrogen resonance lamp photolysis for 4 h, (b) after400
900-nm irradiation for 30 min, (c) after 26®00-nm irradiation for

30 min, and (d) after annealing to 30 K for 30 min. The peaks marked

with an asterisk in panel a are due to the mixed isotopdfiner—Si—

15\ 2

TABLE 1: Infrared Absorptions (cm 1) for the Si- and
N,-Containing Species Observed in the VUV Photolysis of
SiH,4 in Nitrogen Matrices at 12 K2

S|H4 + 14N2 S|D4 + 14N2 S|H4 + 15N2 S|D4 + 15N2 aSSignment
2274.2 2274.4 2198.6 43iN2, v (N—N)
20445 2044.8 1977.0 1977.1 SHB vs (N—N)
2023.9 2023.5 1957.1 1956.8 HSIiN (N—N)
2013.6 1466.2 2013.8 1466.3 H2SiNy, vas(Si—H)
2009.4 1460.4 2009.5 1460.3 H,SiN,, vs (Si—H)
2006.6 1458.9 2006.8 1458.9 HSINy, v (Si—H)
1913.0 1912.9 1849.5 1849.5 SHY vas(N—N)
1754.5 1754.6 1697.1 1697.1 SiN (N—N)

813.7 810.8 627.8 HSINO (H—Si—N)

2 Only the peaks for the major trapping sites are listed in the table.
b Obtained from the VUV-photolyzed SiH+ 4N, sample after
annealing to 25 K for 30 mirf. Obtained from the VUV-photolyzed
SiDs + N, sample after annealing to 25 K for 30 miObtained
from the VUV-photolyzed Sikl+ >N, sample after annealing to 25
K for 30 min. ¢ Obtained from the VUV-photolyzed SiB+ >N, sample
after annealing to 25 K for 30 min.

H2SiN,. The broad series of bands in the range of 2020
2009 cnt? (Figure 2) are found to shift to the range 1471
1456 cnt! with SiD, (Figures 3 and 5) and not to shift with
15N, (Figure 4), indicating that these vibrations involve hydrogen

J. Phys. Chem. A, Vol. 112, No. 14, 2008023

The averagé“N/N isotopic ratio of these bands is 1.0343,
which is very close to isotopic ratio of diatomic, a 12 K
nitrogen matrix (1.0345) suggesting that these bands are due
an N—N stretch of a dinitrogen species. In the $ib 1N, +
15N, experiment (Figure 7), only the pure isotopic counterparts
were observed in the SiD+ N, + 15N, mixed isotope
experiment, which suggests that only a singlg SWbunit is
associated with this vibrational mode.

Maier and co-worke$ observed a series of bands between
2274-2266, 2018-2013, and 20122009 cnt! in a study in
which H,Si(N3), or (CHg)sSiSiH; was photolyzed (254 nm) or
flash pyrolyzed (700C) in a nitrogen matrix at 10 K. These
researchers also performed isotopic labeling experiments with
D2Si(N3)2, (CHs)3SiSiDs, and®N; in order to fully assign these
infrared bands. The combination 068I(N3), or (CHs)3SiSiDs
with a1*N, matrix produced bands between 2272266, 1468
1466, and 14631460 cntl. The combination of (Ck)3SiSiDs
with a 1N, matrix produced bands at 2198.5 and 2196.5, 1466.6,
and 1460.6 cmt. The combination of (CkJ3SiSiHs with a >N,
matrix produced bands at 2198.5 and 2196.5, 2014.1, and 2010.0
cmL. These collection of bands were assigned to theNN
stretching, the antisymmetric SH stretching, and the sym-
metric Si-H stretching modes of }$i—1N, and its isotopomers
DzSi_14N2, DzSi_lsNz, and F&Si_lsNz.

On the basis of the agreement between our observed bands
and those of Maier and co-workers, we assign the bands
observed in our experiment to the$iN, molecule. Upon initial
deposition in the VUV-photolyzed SiHH 1N, experiment at
12 K (Figure 2), the band between 2622009 cnt? is too
broad to observe the antisymmetric and symmetrie-t5i
stretching modes separately; however, upon annealing the
sample to 25 K, distinct bands at 2013.5 and 2009.4'cane
observed (parts a and c of Figure 8), and these frequencies are
assigned to the antisymmetric and symmetrie Sistretching
modes, respectively, in our experiment. A similar situation is
observed in the SiP+ “N, experiment (Figure 3), with the
antisymmetric and symmetric SD stretching bands only
becoming clearly distinguishable at 1466.2 and 1458.9%cm
respectively, after annealing to 25 K (parts b and d of Figure
8). For the 22752266 cn1! bands in the Sild+ %N, spectra,
four bands at 2274.2, 2272.3, 2270.2, and 2266.3'cane
observed upon initial deposition at 12 K, and annealing to 25
K results in retention of the bands at 2274.2 and 2272.3'cm
with the 2274.2 cm! band having the slightly higher intensity.
Therefore, the peak at 2274.2 chis assigned to the NN
stretch of HSIN, in the major trapping site, and the remaining

and not nitrogen. The average isotopic H/D ratio of several of bands are assigned to minor trapping sites. In the, SiDN,
these bands is found to be 1.3748, which is very close to the SPectra, three bands at 2198.6, 2196.0, and 21911 ene

isotopic ratio of diatomic SiH/SIDn a 4 K argon matrix
(1.3752)* suggesting that these bands are due te-tSi
stretching modes. A weak series of bands between-22266
cmt are found to track with the HgXe lamp photolysis and
annealing behavior of the 202@009 cnT?! bands, suggesting

observed upon initial deposition at 12 K (Figure 10a), and
annealing to 25 K results in retention of the band at 2198.6
cm (Figure 10b), which is assigned to tH&—15N stretch of
D,Si®N; in the major trapping site.

The B3LYP/aug-cc-pVTZ calculations predicb$iN; to be

that these bands may belong to the same molecule as the-2020 a bent Cs) molecule with an*tA’ ground state (Chart 1), and

2009 cntt bands. The 22752266 cnT! bands do not shift with
the use of SiR but do shift with the use 0N, indicating that

the unusual nonlinear geometry between th&ikand the N
appears to due to the presence of a lone pair on the Si atom

these modes involve nitrogen and not hydrogen. Unfortunately, that is in the H-Si—H plane, causing the Nmolecule to bind

due to the presence of the intense &Sitdtisymmetric stretching
band near 2200 cm, the shifted positions of these bands in
the SiH, + 15N, experiment could not be determined. However,
in the SiD, + 1°N, experiment (Figure 5), the SiDantisym-
metric stretching band occurs near 1600 ¢nand distinct peaks
between 21992191 cnt! were observed for these bands after
subtraction of the residual SiHpeaks (shown in Figure 10a).

in a nearly perpendicular fashion. The-N stretching, anti-
symmetric Si-H stretching, and symmetric SH stretching
frequencies are predicted to be at 2304.0, 2069.9, and 2062.8
cm1, respectively, and are found to be in good agreement with
the experimentally observed frequencies (deviations of 1.3, 2.7,
and 2.6%, respectively) and with the previous calculations
performed by Maier and co-workers at the B3LYP/6-3G**
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Figure 8. Infrared spectra in the (a) 2040980 cn1? region for 1% SiH in N, (b) 2040-1980- and 14961430 cn1* regions for 1% SiRin

14N,, (c) 20406-1920 cn1? region for 1% SiH in 5N, and (d) 2046-1980- and 14961430 cnm! regions for 2% SiRin >N, after 12 K deposition

with simultaneous 121.6-nm hydrogen resonance lamp photolysis for 4 h, followed by 20, 25, and 30 K annealing for 30 min at each temperature.
For the 30 K annealing experiments, the spectra have been multiplied by the factor indicated.
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Figure 9. Infrared spectra in the 204(980- and 14961430 cnt? regions for 0.5% Sikdand 0.5% SiRin N, after (a) deposition at 12 K with
simultaneous 121.6-nm hydrogen resonance lamp photolys# ffio(labeled 12 K), followed by 406900-nm irradiation for 30 min (labeled F
Hg—Xe), 200-900-nm irradiation for 30 min (labeled UF HgKe), and annealing to 30 K for 30 min (labeled 30 K) and (b) after 12 K deposition
with simultaneous 121.6-nm hydrogen resonance lamp photolysis for 4 h, followed by 20, 25, and 30 K annealing for 30 min at each temperature.
Several portions of the spectra have been multiplied by a factor as indicated.

level (2296, 2079, and 2073 cry respectively$ With 15N, D,Si substitution, the antisymmetric and symmetric—Hi
substitution, the N-N stretching frequency is predicted to shift ~ stretching frequencies are predicted to shift down by 577.9 and
down by 77.7 cm! and has a*N/**N ratio of 1.0349. With 583.8 cn1l, respectively, and have H/D ratios of 1.3873 and
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CHART 1: B3LYP/aug-cc-pVTZ-Optimized Structures (Bond Lengths in Angstroms and Bond Angles in Degrees) of
the HSIN,, H2SiN,, and H3SiN, Molecules

1.167,N
N N)128.9
1118 1.100/ 18502 1y 6
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HSiNy; C,"A" HySiNy; €y, 'A! H;SiNy; Cy, °A!

TABLE 2: B3LYP/aug-cc-pVTZ-Calculated Vibrational Frequencies (cm™?) and Intensities (km/mol) of the HSIN,, H,SiN,, and
H3SiN, Molecules

species frequency (intensity, symmetry)

HSiN,  2082.6 (608.5:, 2042.2 (179.3!), 822.8 (32.8,3, 409.0 (5.1,9, 319.3 (0.5,9, 298.2 (1.1,9

H,SiN,  2304.0 (237.0/3, 2069.9 (199.1/9, 2062.8 (126.0/% 956.0 (67.7,3, 747.8 (28.2,3, 735.9 (9.6,4), 308.4 (0.1,9, 272.8 (2.9.3,
243.3 (1.0,4)

HiSiN,  2272.6 (84.9/4), 2264.8 (63.4,3, 2219.6 (68.3,3, 1877.7 (67.5/3, 934.1 (59.7,3, 936.6 (46.4, 4), 905.7 (189.93, 639.5 (58.0,3,
611.3 (45.1,4), 489.9 (10.7,3, 239.8 (0.4,9, 132.8 (0.2, 4)

1.3947, respectively. The calculations even predict that the parts are observed, indicating that only one $ubunit is
antisymmetric and symmetric SH stretching frequencies are  associated with this band. In Figure 2, there is a peak at 2006.6
close to one another, with calculated differences of 7.1 and 13.0cm~! that appears after the VUV-photolyzed SiH N,
cm~! for H,SiN; and D:SiN,, respectively, which is in reason-  sample has been subjected to further photolysis with filtered
ably good agreement with the experimental values of 4.1 and and unfiltered output of the HgXe lamp (Figure 2c) that

7.1 cn'l, respectively. Overall, the calculated isotopic shifts initially was thought to be a site peak of the 2023.9 érand;

and isotopic ratios are found to be in good agreement with the however, it is believed that this is a distinct vibration involving
experimentally observed values, lending support to the assign-hydrogen and that this mode belongs to the same molecule as
ment of the bands we observe to theSiHN, molecule. The the 2023.9 cm! band. The most convincing evidence for this
calculations also predict a SiHbending mode at 956.0 crh conclusion comes from a careful analysis of the experiments in
and a SiH wagging mode at 747.8 crhfor this molecule, and  which the VUV-photolyzed sample is progressively annealed,
Maier and co-workers reported observing weak bands at 960.8and portions of the spectra for these experiments for the SiH
and 749.6 cm! that they assigned to these modes. We looked + 4Ny, SiDs + 14N,, SiHs + 15N,, and SiD + °N, mixtures

for bands that could be assigned to these modes; however, weare displayed in Figure 8.

were unable to unambiguously assign any peaks to these modes As can be seen in parts a and ¢ of Figure 8, after annealing
in our spectra, due to their inherent low intensity and the overlap ne SiH, 4 14N, and SiH, + 15N, samples to 25 K, three peaks

of this region with the strong SiHand SiHe vibrations in this 4t 2013.6, 2009.4, and 2006.6 chbecome clearly distinguish-

regiqn. _ able in the spectra. As discussed above, the 2013.6- and 2009.4
With the assignment of the 2013.5 and 2009.4 &ipands  cm 1 peaks are assigned to the antisymmetric and symmetric
to the antisymmetric and symmetric-S# modes of HSIN,, Si—H stretching modes of $5iN,, and the 30 K annealed

one might expect to observe distinct$i and Si-D vibrations spectrum shows that the peak at 2006.6 tis distinct from
in the mixed molecule HDSiNand SiH, + SiDs + %N, the 2013.6- and 2009.4 crhpeaks because it is the dominant
experiments were performed in this effort (Figure 9). For of the peaks after 30 K annealing. If the 2006.6 épeak was
HDSIN,, the B3LYP/aug-cc-pVTZ calculations predict the 3 site splitting of the 2023.9 cm band, which is assigned to
Si—H stretch to be at 2066.1 crh and the Si-D stretch at an N—N Stretching mode' then this peak should shift WH@.‘E
1485.9 cm, which, if compared to the pure isotopic frequen-  is used. However, as can be seen in the,;SiH5N, experiment
cies, puts them in between the pure isotopic antisymmetric and (Figure 8c), after annealing to 25 K the three peaks are still
symmetric frequencies. In the mixed SiH- SiDs + N present, and after annealing to 30 K, this band is again the largest
experiments, we were unable to detect any additional peaks orpeak of the three. The distinct nature of the 2006.6 tpeak
shoulders that are not already present in the pure isotopic spectrgan also be seen in the unfiltered +H¥e photolysis plus 30 K
(parts a and b of Figure 8), suggesting that HDS8\not being  annealing of the Siki+ N, sample (parts ¢ and d of Figure
formed. 4), with the 2006.6 cm peak clearly still present with the
The observation of b8iN; in these experiments represents 1957.1 cni! band after the bBiN, bands have completely
the second matrix isolation report of this species and by a disappeared. That the 2006.6 thiband involves hydrogen
different route of formation. Therefore, this work provides comes from the Sipexperiments (Figures 3 and 5 and parts b
confirmation of the existence of and proper infrared character- and d of Figure 8). In parts b and d of Figure 8, it can be seen
ization of the transient $8iN, molecule. that after 25 K annealing three peaks at 1466.2, 1460.4, and
HSIiN,. The sharp band at 2023.9 ch(Figure 2) is observed  1458.9 cmi! are observed, and after 30 K annealing only the
to shift to 1957.1 cm?® with the use of*5N, (Figure 4 and 5) 1458.9 cmit peak is still present. A similar situation is observed
and is not observed to shift with Sif{Figure 3), indicating when the SilQ samples are subjected to unfiltered Hge
that this vibration only involves nitrogen. The isotopfdl/*°N photolysis plus 30 K annealing (Figures 3 and 5), with the
ratio of this band is found to be 1.0341, suggesting that these 1458.9 cnt! peak being present with the 2023.9 Thpeak
bands are due to a-\N stretch of a dinitrogen species. In the after the DSIN; bands have disappeared. As it turns out, the
mixed SiH, + 14N, + 15N, and SiDy + 4N, + 15N, experiments 2023.9 cmi! band does have a site splitting band at 2005.1%cm
(Figures 6 and 7, respectively), only the pure isotopic counter- (Figures 3 and 8b), which is what led to the initial incorrect
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Figure 10. Infrared spectra in the 225150 cnt? region for 2% SiQ in N, deposited at (a) 12 K and (b) after annealing to 25 K for (i) the

deposition of the mixture without hydrogen resonance lamp photolysis and (ii) for the deposition of the mixture with simultaneous hydrogen
resonance lamp photolysis. In both parts a and b, the spectrum labeled iii is the result of subtraction of the spectrum labeled i from the spectrum

labeled ii, and these subtraction spectra have been multiplied by a factor of 2 as indicated.

assumption that the 2006.6 chpeak in the Sild+ 14N, spectra
was a site band; however, the differing Hge photolysis and
annealing behavior of the 2006.6 cthband and the 2005.1

bands and whose relative intensity with the 2023.9 tband
(approximately 4%) is close to the theoretical intensity ratio.
In the SiH; + 1N, spectra, this band is found to be at 810.8

cm1site peak helps to distinguish the two. Once it was realized cm1, and the experimental shift of 2.9 ctis similar to the

that the 2006.6 crt peak is due to a distinct vibrational mode

theoretical shift of 3.5 cm! for the bending frequency of

containing hydrogen, an examination of the spectra in which HSi'N, vs HSi®N,. In the SiDy + 1“N, spectra, we searched

the 2023.9 and 2006.6 crh bands or their'>N, and D

for the deuterium counterpart to this bending mode, however;

counterparts are both present indicated that these bands belonwe were unable to unambiguously assign any peak in the
to the same molecule because their relative intensity was appropriate region to this bending mode. In the SiD N,
approximately the same in the 30 K annealed spectra and inspectra a weak band is observed at 627.8cthat seems to

the unfiltered Hg-Xe lamp photolysis spectra. Taking the
1458.9 ¢! as the deuterated counterpart to the 2006.6cm
band, the H/D isotopic ratio is found to be 1.3754, which
suggests that this band is a-&i stretching mode. In the mixed
SiH, + SiDs + “N, experiment (Figure 9), only the pure

track with the annealing and HgKe photolysis behavior of
the>N—15N and Si-D stretching bands. The experimental shift
of 185.9 cnt! from the 813.7 cm?! band for this peak is similar
to the theoretical shift of 194.8 crhfor the bending frequency
of HSi*N, vs DSI'®N,, which lends support for the assignment

isotopic counterparts are observed, indicating that only one of the 627.8 crm! band. Also, the experimental intensity ratio

Si—H group is associated with this band.

Having assigned the 2023.9 ciband to an N-N stretch
and the 2006.6 crt band to an SiH stretch of the same
molecule and given the close proximity of the 2006.6 ¢ivand
to the antisymmetric and symmetric-Sil stretches of KSIN,,

a likely candidate seemed to be the Hgiholecule, and
therefore B3LYP/ aug-cc-pVTZ calculations were performed

of this peak to thé>N—15N stretching mode in the Si>+ 15N,
spectra (approximately 3%) is similar to the theoretical intensity
ratio of 3.2% for the bending mode to thA&N—15N stretching
mode, which again lends support to the assignment.
Ornellas and Ilwata have previously studied the theoretical
structure and vibrational frequencies of the HgiNolecule
using the HF, MP2, and CCSD(T) methods and the 6-311G-

to determine the optimized geometry and calculated vibrational (2d) basis set® At the HF/6-311G(2d) and MP2/6-311G(2d)

frequencies for HSIN The B3LYP/aug-cc-pVTZ calculations
predict HSIN to be a bent moleculeCg) with a 2A" ground

state (Chart 1) and similar to,8iN,, the nonlinear geometry
between the HSi radical and the, Mppears to due to the

levels of theory, the calculations failed to predict a stable, bound
complex between the HSi fragment and, Nvhereas the
calculations at the CCSD(T)/6-311G(2d) level of theory did
predict a bound structure. Similar to the current B3LYP/aug-

presence of the unpaired electron in an orbital on the Si atom cc-pVTZ calculations, the CCSD(T)/6-311G(2d) calculations

that is collinear with the HSi axis. The calculated NN and
Si—H stretching frequencies of HSjNare predicted to be at
2082.6 and 2042.2 cm, respectively, which are 2.8 and 1.7%
higher, respectively, supporting the assignments. Vi
substitution, the NN stretching frequency is predicted to shift
down by 70.3 cm! and has a calculatédN/**N ratio of 1.0349,

predict the HSIN molecule to be a bent molecule withs
symmetry and aRA'"" ground state. At the CCSD(T)/6-311G-
(2d) level, the SiH, Si—N, and N-N bond lengths are
predicted to be 1.531, 1.874, and 1.163 A, respectively, and
the HSIN and SiNN angles are predicted to be 86.2 and 171.0
respectively. As can be seen by comparing the B3LYP/aug-cc-

which compares favorably with the observed experimental shift pVTZ calculated bond lengths and bond angles (Chart 1) for

(66.3 cntl) and the observed isotopic ratio (1.0341), again
lending support to this assignment. A bending mode of HSIN
is predicted to lie at 822.8 cnh and to have an intensity that is
predicted to be 5.4% of the intensity of the-N stretching
vibration. A weak band is observed in the $it 1N, spectra

at 813.7 cm! (1.1% high) that seems to track with the annealing
and Hg-Xe photolysis behavior of the 2023.9- and 2006.6tm

HSIN, to the CCSD(T)/6-311G(2d) calculated values, most seem
to be in reasonable agreement, except for the\Nbond length,

for which the CCSD(T)/6-311G(2d) calculated value is longer
than the B3LYP/aug-cc-pVTZ value by 0.045 A. Ornellas and
Iwata also performed a vibrational frequency analysis for the
CCSD(T)/6-311G(2d) optimized HSpN\structure and reported
the SiH stretching, NN stretching, and HSIN bending frequencies
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to be 2045, 1690, and 807 ciy respectively, at this level. The  assigned to different NN stretches in the same molecule. With
CCSD(T)/6-311G(2d) calculated SiH stretching and HSIN the assignment of two Nsubunits being present in this
bending frequencies are found to be in reasonable agreementnolecule, one expects to observe distinct bands in the mixed
with the B3LYP/aug-cc-pVTZ-calculated values of 2042.2 and 1“N, + 15N, experiments (Figures 6 and 7) with frequencies
822.8 cntl, respectively. However, similar to the disagreement that are in between the pure isotopic counterparts. Unfortunately,
in the calculated NN bond lengths, the calculated NN due to the low intensities of tHéN, bands at 20482042 cnt?
stretching frequencies are in disagreement between the twoand the'>N, bands at 19831974 cnt1?, distinct mixed isotope
methods, with the B3LYP/aug-cc-pVTZ calculations predicting bands were not observable in the mixed isotope experiments.
the NN stretching frequency to occur at 2082.6 énGiven In the SiH; + N, + 15N, experiment, the presence of a
that the experimental NN stretching band has been assigned @ackground peak at 1877.5 ciprecluded the observation of
value of 2023.9 cm!, which is close to the B3LYP/aug-cc- mixed isotope bands intermediate to s, bands at 1916
pVTZ value, it appears that CCSD(T) method fails to provide 1911 cnt! and the'®N; bands at 18521848 cnt?; however,

a complete and accurate theoretical characterization of theHSIN in the SiD; + N, + 15N, experiment, two weak bands were
molecule and that the B3LYP method provides a better observed at 1875.9 and 1870.9 ¢rsupporting the assignment
theoretical characterization of this molecule. of two N, subunits being present in the molecule.

The infrared characterization of the HSiolecule has not In a study in which vaporized silicon was deposited with
been reported previously in the matrix isolation literature, and nitrogen at 12 K, Maier and co-workéPsobserved bands at
this work represents the first instance as such. It is worth noting, 2045.0 and 1912.9 cm that they assigned to the symmetric
however, that in their VUV photodissociation experiments with and antisymmetric NN stretching modes, respectively, of Si-
SiH, in 12 K nitrogen matrices! Milligan and Jacox did report ~ (N2).. When!®N, was used these bands were found to shift to
observing a band at 2026 cithat, in hindsight, was most  1977.0 and 1849.4 cm, respectively. On the basis of the
likely the NN stretching band of HSIN This would make agreement between the bands we observed in our experiments
Milligan and Jacox the first researchers to actually observe a and those reported by Maier and co-workers, we assign the weak
band due to the HSiNspecies; however, as stated previously, bands at 2044.5 and 1913.0 chobserved in our experiment
they did not fully analyze the nitrogen matrix infrared spectra to the symmetric and antisymmetric-¥W stretching modes of
and therefore never made a definitive assignment for this band.the Si(Ny), molecule.

SiN,. The bands between 1769736 cnt! in the SiH, + Additional Possible Spectroscopic Candidateswith the
14N, spectra (Figure 2) are observed to shift to between £711 observation of the HSiNand HSiN, species, we looked for
1680 cnt! with the use of°N; (Figure 4) and are not observed infrared bands that could be attributed to Sibt H3SiN,. To
to shift with SiDy (Figure 3) indicating that this vibration  search for “free” SiH, we used the observed Sjlftequencies
involves nitrogen and does not involve hydrogen. On the basis of Andrews and Wang at 928.6, 735.4, and 727.3tma 3.5
of the Hg—Xe lamp photolysis and the annealing behavior, the K neon matri®® as a guide; however, we were unable to
peak at 1754.5 cni in the 1N, spectra is assigned to the major unambiguously assign any peaks in these regions to “free3. SiH
trapping site, and the peaks at 1768.1, 1747.9, 1742.8, 1740.4To search for peaks that could be assigned tSiN,, we
and 1732.2 cm! are assigned to minor trapping sites, and the performed B3LYP/aug-cc-pVTZ calculations and found a bound
peak at 1697.1 cri in the 1N, spectra is assigned to the major minimum for this molecule, which has a bent structu@g vith
trapping site, and the peaks at 1710.6, 1689.6, 1868.0, 1684.9a 2A’ ground state (Chart 1) and vibrational frequencies that
and 1680.6 cm! are assigned to minor trapping sites. In the are listed in Table 2. By use of these frequencies as a guide,
mixed“N, + 13N, experiments (Figures 6 and 7), only the pure we were unable to assign a set of peaks that could be attributed
isotopic counterparts are observed indicating that only onpe N exclusively to the HSiIN, molecule. It is interesting to note that
subunit is involved in this mode. The peak at 1754.5 Emin the dissociation of EBiN, into HzSi and N is predicted to be
very good agreement with several previously reported experi- exothermic by 44.1 kJ/mol, and the only reason a bound
mental matrix isolation assignments of the-N stretch of linear minimum is obtained for the calculation is due to a barrier to
triplet SiN; in nitrogen and argon matricé€3#445and on the dissociation of approximately 28 kJ/mol, which was found by
basis of this agreement, we assign the peak at 17545 tom performing a rigid potential energy scan along the [Sibond
triplet SiNy. stretching coordinate from the minimized structure.

Si(N2)2. The weak bands between 2043042 and 1916 Trend in X —N; Stretching Frequencies With the observa-
1911 cn1? (Figure 2) are found to shift to 19811974 and tion of three species involving the complexation of a single
1852-1848 cnt1l, respectively, with the use 8N, (Figure 4) nitrogen molecule (Sipy HSIN,, and HSiN,) and coupling that
and are not found to shift with the use of SifFigure 3) with the vibrational frequency of a “free” Nn a nitrogen matrix
indicating that these vibrations involve nitrogen only. On-Hg  (2328.1 cm%),'6 a trend in the N-N stretching frequencies is
Xe lamp photolysis and annealing, the intensities of these bandsnow evident. As can be seen for Table 1, the N stretching
are observed to track with each other, suggesting that these band&equencies decrease in the order N H,SiN, > HSIN, >
belong to different vibrations of the same molecule. In addition, SiN,. Since the number of unpaired electrons on the silicon atom
on the basis of the HgXe lamp photolysis and annealing is 0, 1, and 2 in HSIN,, HSIN,, and SiN, respectively, the
behavior, the peaks at 2044.5 and 1913.0°kmm the N, decrease in the NN stretching frequency most likely reflects
spectra are assigned major trapping sites, and the peaks aan increased amount of back-bonding from the silicon atom to
2047.9, 2043.3, and 2042.3 chare assigned to minor trapping  az* orbital on the nitrogen molecule as the number of unpaired
sites. Similarly, the peaks at 1977.0 and 1849.5%in the electrons increases. The increased back-bonding leads to a
15N, spectra are assigned major trapping sites, and the peaks aiveakening of the NN bond strength and therefore a decreasing
1852.0, 1850.5, and 1848.4 chare assigned to minor trapping  of the N—N stretching frequency. This increased back-bonding
sites. The isotopid*N/>N ratios of the 2044.51977.0 cn1?! is also evidenced by the-NN bond lengths, which increase in
bands and the 1913:1849.5 cm! bands are found to be the order N (1.091 A, calculated valuey HzSiN; < HSIN, <
1.0341 and 1.0343, respectively, and therefore, these bands ar&iN, (1.141 A, calculated value).
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Formation Energetics. On the basis of products observed The production of all hydrogen atoms in reactions 4 is calculated
in the current nitrogen matrix experiments (iNHSIN,, to be 1370.0 kJ/mol, which is above the excitation energy and
H.SiN,, SkH», and SiHg), some indications of the overall therefore not a possibility.
reaction pathways to produce these products can be inferred. Since the Sik and SiH fragments may be formed with
The hydrogen resonance lamp used in these experiments produceonsiderable excess excitation energy still in the molecule, it is
radiation with a wavelength of 121.6 nm (983.7 kJ.mol), and also possible that once formed they dissociate further, and the
from gas-phase photoabsorption and photodissociation experi-simplest, decomposition reactions involving Si&hd SiH are
ments with SiH,58 this is thought to excite SiHto a given as reactions-810
dissociative singlet Rydberg state. Since the complexes of a
nitrogen molecule with SikJ SiH, and Si atoms are observed 1 AA Y Qi 2 2
in our experiments, this implies that SiHSiH, and Si atoms SiH, (Ay) = SiH (TI) + H (S)
are formed from the dissociation of SjHSeveral ab initio
studies of the Silisinglet excited-state potential energy surfaces
have demonstrated that reaction pathways exist that connect thésiH IT) — Si CP) + H (°S)
excited states of Sikthat are accessible with VUV irradiation AE = 299.3 kd/mol (9)
to either excited states or the ground states of the,S#iH,
and Si producté®*°In the cases where an excited state of one g;y I1) — Si (D) + H (%)
of these products is initially formed, the excited species is most
likely relaxed to the ground state by collisions with the nitrogen
matrix. It was also found by ab initio calculations that the
formation of Sik (and a hydrogen atom) does not occur directly
from the excited singlet state surfaces of ighd this probably
accounts for why Siklis not observed in our experimerits.

To simplify the discussion of the formation energetics, generally hvd X hich invol anif
only the ground-state reaction pathways will be considered NYdrogen, or reactions-5/, which involve significant amounts

below, and these reaction energies have been calculated at thgfhhyr(]jrogﬁn atoms,dare ;[jhe dominant formation rleac(:;ions or
B3LYP/aug-cc-pVTZ level (corrected for zero-point energies). Whether the secondary dissociation reactionsl@ lead to

For the details of the excited-state pathways of St lead considerable amounts of the Silifagments. However, if_a
to the Sik, SiH, and Si products, the reader is referred to the cOnsiderable amount of hydrogen atoms were present in the

previous ab initio studies and references thef&if matrix, one might expect the formation of a considerable
The energetics for the most direct routes for forming SiH ~ concentration of the mixed HDSiNsotopomer in the Sikt+
SiH, and Si atoms from SiHare listed in reactions-43 SiD4 + 1“N, experiments resulting from the reverse of reaction
’ 8. The lack of the observation of the HDSildotopomer seems
SiH (1A ) — SiH (1A1) +H (12 +) to indicate that reactions involving molecular hydrogen are
arT 2 2t AE = 2215 kJ/mol (1 dominant. Once the ground-state species Si, SiH, ang @i
- ) mol (1) formed in the 12 K nitrogen matrix, each of these fragments
S AA N L i 2 1w + 2 complexes with a nitrogen molecule via an exothermic reaction
SiH, (Ay) = SiH (TI) + Hy ( 29 ) +H(S) to yield the SiN, HSIN,, and HSIN, species, which are given
AE=530.9kJ/mol (2)  in reactions 1+13

AE = 309.3 kd/mol (8)

AE = 416.9 kJ/mol (10)

It is worth noting that reactions 9 and 10 would only be possible
if SiH is formed from reaction 2, with Has the coproduct.

It is difficult to say with certainty from our experiments
whether reactions 1, 2, and 4, which involve molecular

SiH, (‘Ay) = Si (P) + 2H, (5, ") Si CP)+ N, (5,) — SIN, ()

AE = 396.0 kJ/mol (3) AE = —72.5 kd/mol (11)

Of these reactions, reaction 3 is unlikely to occur as a direct
reaction because the formation of a triplet silicon atom from a SjH (21‘[) +N, (1zg+) — HSIN, (ZA”)
singlet SiH, will be spin forbidden. More likely the silicon atom AE = —46.3 kd/mol (12)
is formed in a singlet excited-state followed by relaxation to
the triplet state silicon atom and the energetics of the dissociation .~ ; T + o
of SiH, into Si (D) is given in reaction 4 SiH, (Ay) + N, ( %4 ) = HSIN, (CA')
AE = —25.2 kd/mol (13)

SiH, (*A;)) — Si (D) + 2H, ('Z,")

AE = 501.6 kd/mol (4) The relative energetics of reactions-113 generally appear to

be reflected in the annealing behavior of §iNSIN,, and H-

It is also possible that reactions 1, 2, and 4 involve primarily SiN, in that the bands due toJ8iN, disappear first and at the
or additional hydrogen atoms as products and the energetics oflowest temperatures upon annealing, followed by the bands of

these alternatives is given in reactions® HSIiN,, and then finally the bands of SiNFigures 1S-4S).
Since the Si(M), molecule is observed in our experiments, some
SiH, (*A,) — SiH, (*A,) + 2H (°S) of the SiN formed from reaction 11 reacts further with a second
AE = 655.7 kJ/mol (5) N2, and this is given in reaction 14
SiH, (*A;) — SiH (1I) + 3H (°S) SiN, C2) + N, (2,5 — Si(N,), (A,)
AE = 965.1 kJ/mol (6) AE = +27.5 kd/mol (14)

H 1 et Iy + 2
SiH, ((Ay) — Si (D) + H, (%) + 2H('S) Although, reaction 14 is predicted to be endothermic, the overall
AE=935.8kJ/mol (7)  formation from Si $P) is predicted to be exothermie-45.0
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