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bstract

Chemical changes in IR laser irradiated gaseous mixtures of dimethyl selenide and trisilane have been diagnosed by laser-induced fluorescence
LIF) of transient species and by FTIR, Raman, photoelectron spectroscopy and electron microscopy of the final solid products deposited from
he gas phase. It is revealed that decomposition of both compounds leads to gas-phase formation of SiSe and deposition of solid nanostructured

olymeric materials. We present indirect evidence on the presence of Si Se bonds in these polymers by revealing that these polymers undergo
ydrolysis in air to H2Se and CH3SeH, which converts them to solid silicone-based films containing elemental selenium. Plausible reactions taking
lace in the gas phase and upon exposure of solids to air are suggested.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The infrared laser-induced photochemistry of gaseous silane
as attracted much attention in the past. The IR laser irradi-
tions of silane in a mixture with various compounds have
een examined to elucidate chemical steps occurring in the
as phase. The irradiation of silane with sulfur hexafluoride
1] and hexafluorobenzene [2] resulted in explosive reac-
ion and deposition of polymeric materials and that of silane
ith phosphine, germane, hydrogen chloride, methyl chlo-

ide or nitric oxide (all [3]) led to insertion of intermediate
ilylene (:SiH2) into covalent P H, Ge H, C Cl and H Cl
onds [3]. Reactions of intermediate silylene have been also
educed to control gas-phase chemistry in mixtures of silane

ith chlorofluoroethenes [4], trifluoroacetic acid [5], unsat-
rated esters, aldehydes and ethers (all [6]) in which cases
olid silicon-containing (Si/C/F/O or Si/C/H/O) materials have

∗ Corresponding author. Tel.: +34 91 5616800; fax: +34 91 5645557.
E-mail address: imts406@iem.cfmac.csic.es (M. Santos).
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een deposited from the gas phase. These processes allow
hemical vapor deposition of solid polymer coatings. IR laser
rradiation of silane in mixtures with ammonia or methane
as been also examined [7] and shown to yield ultrafine SiC
nd Si3N4 powders. This laser-induced reaction is rather com-
lex and represents an example of the gas-phase formation
f simple inorganic compound from two progenitors, each
ecomposing and providing its element to the reaction prod-
ct.

Such reactions induced by IR lasers in the gas-phase are, how-
ver, rare. We have recently reported that the technique of laser
omogeneous pyrolysis (LPHP [8,9]) can be employed to the
as-phase synthesis of nanosized inorganic compounds when
lusters of two different elements, simultaneously generated in
he gas phase from two progenitors, react in the gas phase. We
ave shown that the IR laser co-pyrolysis of dimethyl telluride
ith tetramethyl tin [10] or tetramethylgermane [11] results in
hemical vapour deposition (CVD) of nanostructured SnTe or
eTex (x = 1, 2). (Similar, co-photolytic approach using UV laser

rradiation of binary mixtures of tetramethylgermane or tetram-
thyltin with S precursors (carbon sulfide and thiirane) has been

mailto:imts406@iem.cfmac.csic.es
dx.doi.org/10.1016/j.jphotochem.2007.01.001
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sed by us [12] for chemical vapour deposition of nanostructured
in and germanium sulfides).

Recent years have witnessed an enormous interest in nano-
ized particles and nanostructured films of metal chalcogenides
e.g. [13]) including those of 4B group elements (Si, Ge, Sn, Pb,
.g. [14]), whose unique electronic and optical properties are
romising for many applications. As for silicon selenides, bulk
rystalline and glassy SiSe2 [15] and glassy SixSe1−x [16] read-
ly hydrolyze in moist air and SiSe is a rather elusive species
roduced in the gas phase by discharge and existing only in
he gas phase [17] or low-temperature matrix [18]. Nano-sized
orms of these materials have not been prepared so far.

In this paper we present an examination of IR laser-induced
hemistry in gaseous mixtures of trisilane with dimethyl selenide
y laser-induced fluorescence (LIF) spectral monitoring of sev-
ral transient species and characterize the structure and stability
f the solid films deposited from the gas phase. The reported
esults show transient involvement of SiSe and chemical vapour
eposition of nanostructured SiSe-based composites, which are
nstable in air and produce nanostructured silicone polymer.

. Experimental

Gaseous mixtures of trisilane (Si3H8) and dimethyl selenide
DMS) were irradiated with pulses from a TEA CO2 (Plov-
iv University, 1300 M model) laser or a Lumonics TEA CO2
-103 laser both of which operated at the 10P(26) line of

he 00◦l→ 10◦0 transition at 938.71 cm−1. This wavelength,
bsorbed by both compounds, was checked in both cases with a
6-A spectrum analyzer (Optical Eng. Co.). The pulses consisted
n a spike (60–150 ns (FWHM)) and a tail lasting approximately
–3 �s.

For the irradiation of the gaseous mixtures and collection
f the deposited solid films (KBr or Ta substrates), the output
f each CO2 laser (2.5 J/cm2 or 65 J/cm2, 1 Hz) was focused
ith NaCl lenses (f.l. 15 cm or 10 cm) into two different Pyrex

eactors (140 or 95 ml) filled with gaseous Si3H8–DMS mix-
ures (total pressure 27 or 10 mbar) and fitted with NaCl or KBr
indows. The reactors were connected to vacuum manifolds

hrough PTFE valves and sample pressures were measured with
0–1 and 0–10 mbar) MKS Baratron gauges.

The progress of the decomposition of both compounds
as monitored by gas chromatography (a Shimadzu 14 B

hromatograph) and gas chromatography–mass spectroscopy
a Shimadzu QP 5050 mass spectrometer). These analyses
mployed 25 m long PoraBOND capillary column, programmed
30–160 ◦C) temperature and sampling by a gas-tight syringe.
he chromatograph was equipped with flame-ionization detec-

or and connected with a Shimadzu CR-8A Chromatopac data
rocessor. Decomposition products were identified through their
ass and IR spectra using the NIST Chemistry WebBook. For

btaining the IR spectra, FTIR spectrophotometers (Perkin-
lmer 1600 or Nicolet Impact) were used.
For LIF experiments a larger reactor (605 ml) was placed
ehind a 24 cm focal NaCl lens. The output of a N2-pumped
ye laser (PRA LN107, 0.04 nm bandwidth, 500 ps temporal
idth), counter-propagating to the pump beam was focused by

s
i
c
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50 cm quartz lens at the focus of the infrared beam. LIF exci-
ation spectra were carried out in different spectral regions by
sing four different dyes: coumarin 521 (doubled with a KDP
rystal) for the 265–272 nm region, stilbene 420 and coumarin
40 for the 412–445 nm region and rhodamine 590 for the
75–600 nm region. The induced fluorescence was collected
hrough a quartz window at the right angle to the laser axis,
ltered through a 10 cm-monochromator, 2 mm slit (bandpass
f 6.4 nm) at 412–445 nm region and through interference fil-
ers centred at 300 and 610 nm at the 265–272 and 575–600 nm
egions, respectively. The filtered signal was detected by means
f a photo-multiplier (Hamamatsu R-928) fed with 800 or
000 V.

The CO2 laser pulse, picked up with a photon drag detector,
riggers a Tektronix TDS 540 digital oscilloscope that is used
o collect the LIF signals and send them to a personal computer
here they are averaged and analyzed. A delay of 10 �s between

he CO2 and probe laser pulses (controlled by a Berkeley Nucle-
nics digital delay generator BNC 7036A within ∼50 ns) was
sed for the LIF excitation spectra to avoid spontaneous emis-
ion. Each experimental point in a LIF curve was obtained by
veraging over ten measurements.

The spontaneous emission spectra were collected at right
ngle to the laser beam and analyzed with a 0.3 m spectro-
raph (TMc 300 Bentham) couple to an ICCD detector (2151
ndor Technologies). The spectra were recorded in the range of
20–850 nm with a slit of 1 mm, at zero time delay respect to
he irradiation pulse and with an observation window of 5 �s.

The solid films deposited from the gas phase were ana-
yzed by FTIR, Raman and X-ray photoelectron spectroscopy
XPS) and electron microscopy. The FTIR spectra of the films
eposited on the KBr substrates were measured directly (in situ)
n the reactor after evacuation of gaseous products, and after
pening the reactor to atmosphere. The gases evolved from the
eposited films upon contact to atmosphere were analyzed by
he GC/MS technique. The samples on Ta substrates were ana-
yzed by XPS and electron microscopy after exposition to air, or
ransferred for XPS analysis in the closed reactor filled with Ar.

The Raman spectra of the deposits exposed to air were mea-
ured to detect elemental selenium by using a Renishaw RM2000
onfocal micro-Raman spectrometer. The excitation source was
n Ar+ laser (514 nm); laser power on the sample was kept
nder 2 mW to avoid phase transformations. The scattered radi-
tion from the surface was collected in backscattering (180◦)
eometry at a resolution of 4 cm−1.

The XP spectra were measured using ESCA 310 (Gamma-
ata Scienta) electron spectrometer. The pressure of residual
ases in the analyzer chamber during measurements was in the
ow 10−9 mbar range. The spectra of Si (2p), C (1s), O (1s) and
e (3d) and the spectra of Se L3M45M45 Auger electrons were
ecorded. The curve fitting of the spectra was accomplished [19]
sing a Gaussian–Lorentzian line-shape. The decomposition of
e (3d) profiles was made subject to the constraints of the con-

tant 3d5/2–3d3/2 doublet separation (0.9 eV) and the constant
ntensity ratio (3d5/2/3d3/2 = 1.45). Quantification of the surface
oncentrations of elements was accomplished by correcting the
hotoelectron peak areas for their cross-sections [20].



d Photobiology A: Chemistry 188 (2007) 399–408 401

S
s
c
a
t
g

a
b

3

a
w
(
a
a
m

3

t
c
fi
a
o
t
a
t
t
a
D

a

(
h
c
–
d

Fig. 1. Typical GC/MS trace of the Si3H8–DMS mixture irradiated with 1300 M
laser. Peak designation: (1) air + CH ; (2) SiH ; (3) C H ; (4) C H ; (5) C H ;
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SEM photographs were obtained using a Philips XL30 CP
canning Electron Microscope equipped with an energy disper-
ive analyzer of X-ray radiation Edax DX4. TEM analysis was
onducted on a Philips 201 transmission electron microscope
t 40 kV on deposited materials scraped the Ta substrate and
ransferred to a Formvar 1595 E (Merck) membrane-coated Cu
rid.

DMS (purity better than 98%) was purchased from Aldrich
nd trisilane was kindly supplied by Prof. R. Becerra (purity
etter that 96%).

. Results and discussion

The irradiation of different mixtures of Si3H8 and DMS was
ccomplished at the 10P(26) line of the CO2 laser at 938 cm−1,
here both molecules absorb. The absorption bands of Si3H8

bending SiH3 mode [21]) and DMS (CH3 rocking mode [22])
re consistent with respective molar absorbance of 4.16× 10−3

nd 2.79× 10−4 cm−1 hPa−1 at 939 cm−1 and allow infrared
ultiple photon excitation of both compounds.

.1. Volatile products

The irradiation (0.65–2.5 J/pulse) of different gaseous mix-
ures of Si3H8–DMS results in the decomposition of both
ompounds and chemical vapor deposition of a yellow-brownish
lm. The relative depletion of both compounds does not notice-
bly depend on their initial ratio, which considering by almost
ne magnitude larger absorbance (ground state optical absorp-
ion coefficient) of Si3H8, is consistent with a collisionally
ssisted energy transfer from Si3H8 to DMS molecules up to a
hermal equilibrium. The IR spectral analysis of irradiated mix-
ures shows the formation of SiH4, Si2H6, CH4 and C2H2. Their
mounts increase with more pronounced depletion of Si3H8 and
MS.
The GC–MS and GC analysis of the irradiated mixtures allow

detailed look at the formed volatile products (Fig. 1, Table 1).
The observed volatile products – Si-containing compounds

silane, disilane and methylsilanes (CH3)nSiH4−n (n = 1–3),

ydrocarbons (methane, ethane, ethene and ethyne) and Se-
ontaining compounds (methyl selenide and hydrogen selenide)
are in line with the known mechanisms of the homogeneous

ecomposition of trisilane and DMS. Si3H8 decomposition [23]

b
t
o
r

able 1
elative amounts of volatile products at different Si3H8/DMS ratios

rradiated mixturea, molar
i3H8/DMS ratio

No. of
pulses

Conversion Product T

Si3H8 (%) DMS (%) SiH4

.33 70 28 30 1.8

.0 40 28 32 0.9

.0 30 32 38 1.0

a Total pressure 27 mbar; fluence 10 J/cm2.
b Total ion current.
c ±10%. Amounts of (CH3)nSiH4−n (n = 1, 2) under detection limit.
4 4 2 4 2 2 2 6

6) H2Se; (7) CH3SiH3; (8) C3H6; (9) H2O; (10) Si2H6; (11) (CH3)2SiH2; (12)
H3SeH; (13) (CH3)3SiH; (14) (CH3)2Se; (15) Si3H8.

s controlled by silylenes elimination and insertion reactions
eading to formation of silane and SinHn+2 polysilanes. These
nitial products undergo [23,24] the same elimination/insertion
teps, combination of silylenes and dehydrogenation steps,
nally leading to hydrogenated silicon [25]. LPHP of DMS
ccurs via transient selenoformaldehyde and extrusion of Se,
t yields methane, ethane and ethene as three major volatile
roducts and affords chemical vapor deposition of elemental
elenium and poly(selenoformaldehyde) [26].

The volatile H2Se, CH3SeH and (CH3)nSiH4−n (Fig. 1)
eveal interference of both decompositions: H2Se and CH3SeH
ompounds were not detected in the LPHP of dimethyl
elenide [26] but in co-LPHP of 1,3-disilacyclobutane and
MS [27]. They are in line with H-abstraction by Se and
H3Se• radical from silanes. Methylsilanes (CH3)nSiH4−n

ndicate reaction between CH3
• radical(s) and silylene/and Si-

entred radicals. Their yield is estimated to be below 5% and
ecreases with higher n and less DMS in the initial mixture
Table 1).

The reaction steps involved in the decomposition of Si3H8
nd DMS as well as those representing interference between
he simultaneously decomposing Si3H8 and DMS and leading
o incorporation of CH3 group in gaseous and solid (see later)
roducts are schematically presented in Scheme 1. This scheme
lso includes possible reaction of silylenes with Se2 and that

etween Si and Se clusters, both giving SiSe. We point out that
he reactions between silylenes and Se2 get support from the
bservation of H2Se and CH3SeH and from their similarity to
eactions of silylene with 3O2 [28].

ICb area/Si3H8 decomposed (mole)c (CH3)nSiH4−n/CH3SiH3,
GC areas

Si2H6 CH3SiH3 H2Se CH3SeH n = 2 n = 3

0.6 0.6 0.04 0.07 0.30 0.10
0.5 0.5 0.04 0.09 0.10 0.03
0.3 0.1 – – c c
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(Table 2) and compatible with the assignments for Si2 [35]
and Se2 [36]. No other species such as SiH or CH, both of
which could have appeared in the same spectral region, have
been detected.
Sch

.2. Transient products

An attempt has been made to detect SiSe transient in the
as phase. The formation of Si Se in UV, 265–270 nm region,
an be detected through the E1�+–X1�+ system [17c], by the
ransitions �ν = 0, −1, −2. An intense emission signal was
bserved upon irradiation of the Si3H8 + DMS (1:1, total pres-
ure 0.3 mbar) mixture with the IR pulse (0.23 J per pulse)
ollowed by a probe pulse at 265.05 nm. This signal is not seen
pon the same irradiation of each separate component. By scan-
ing the probe wavelength a LIF excitation spectrum is obtained
iven in Fig. 2. Taking into account the values of the spec-
roscopic vibrational constants given in literature [17c,29], the
etected bands are assignable to the sequence �ν = 0 for ν = 2–6
f the E1�+–X1�+ system of SiSe.

Temporal emission signals were fitted to single exponential
ecay functions. From the dependence of the inverse decay times
gainst different Ar pressure added to 0.3 mbar of Si3H8–DMS
ixture, the quenching rate for the E1�+ (ν′ = 3) state of SiSe

y Ar was calculated as 5.84.10−11 s−1 molecules−1 cm3. The
xtrapolated lifetime for 0 pressure of Ar was 19 ns. This value
s in agreement with the radiative lifetime of SiSe as given in
he literature [30,31] and is very similar to the corresponding
ifetimes calculated at the maxima of the spectrum (Fig. 2) at
64.6, 266.3 and 268.4 nm.

Further LIF experiments were carried out to probe other tran-

ients that could be formed in the LPHP of Si3H8–DMS mixtures
SiH2, H2, Sin CH2, and Sen).

The LIF excitation spectra between 412 and 445 nm of the
i3H8–DMS (Fig. 3) show wide bands corresponding to vibra-

F
t

.

ional transitions of Si2 and Se2, as well as some much narrower
ines corresponding to H2 (420.2, 421.4, 430.4, 436.3, 440.8,
42.6 nm [32–34] and involving contributions from rotational
ines of these species. The assignment of the vibrational bands
f the Si2 and Se2 in the irradiated Si3H8–DMS mixture is
ased on the LIF excitation spectra of the pure compounds
ig. 2. LIF excitation spectrum from IR decomposition of Si3H8–DMS (1:1,
otal pressure 0.3 mbar).
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The most intense signals of Se2, SiSe, SiH2 and Si2 occur, in
the given order, at 3.5, 1.8, 0.7 and 0.1–0.3 �s after the pump CO2
laser pulse. The LIF profiles for these three transients can be dis-
ig. 3. LIF excitation spectra from IR decomposition of Si3H8–DMS ((a) 1:1,
otal pressure 0.3 mbar); DMS ((b) 0.5 mbar); and Si3H8 ((c) 0.3 mbar). The
orresponding transitions are given in Table 2.

The lifetimes of the signals corresponding to Si2 and Se2
re in the range 85–100 ns and 65–80 ns, respectively. These
alues are in agreement with the values given in the literature for
he respective non-radiative lifetimes, 95–120 ns and 58–86 ns
34,37].

The LIF excitation spectrum of the Si3H8 + DMS (1:1) mix-
ure in the region 578–581 nm shows an overlap of large
uminescence and LIF signals. The emission spectrum obtained
pon subtraction (Fig. 4) is similar to that obtained upon
PHP of 1,3-disilacyclobutane [38] (as well as silacyclopent-
-ene [39] and 2-chloroethenylsilane [40]) and assigned to SiH2
A1B1←X1A1, �ν = 2), CH2 (1B1(0,16,0)← 1A1(0,1,0)) and

2 species. The rovibronic level lifetimes in SiH2 (A1B1(0,2,0))
ary widely from one level to the next by more than two orders
f magnitude; this is due [41,42] to mixing of the electroni-
ally excited state with background levels in the X1A1(S0) and
3B1(T1) states. We have obtained signals that fit to two expo-

entials, one with short lifetime in the range 15–30 ns and the
ther in the range 400–600 ns. These findings show the known
omplexity of the thermal decomposition of silanes [23–25] and
ay reflect early and late silylene formation/decay stages of

able 2
ssignments of emission bands observed upon irradiation of individual Si3H8

nd DMS

excitation (nm) � (nm)a Species Transition (�′, �′′) Band

14.8 −0.01 Si2 (4, 2) H3�u
−←X3�g

−
18.0 −0.97 Si2 (5, 3) H3�u

−←X3�g
−

26.7 −0.01 Se2 (1, 6) B1u←X1g

28.4 −0.03 Si2 (3, 3) H3�u
−←X3�g

−
30.8 −0.42 Se2 (0, 6) B1u←X1g

32.7 −0.02 Si2 (4, 4) H3�u
−←X3�g

−
33.0 −0.60 Se2 (1, 7) B1u←X1g

36.0 −0.09 Se2 (2, 8) B1u←X1g

37.6 −0.70 Se2 (0, 7) B1u←X1g

40.0 +0.76 Se2 (1, 8) B1u←X1g

42.0 +0.15 Si2 (4, 5) H3�u
−←X3�g

−
45.2 +0.37 Se2 (0, 8) B1u←X1g

a � means the difference between the measured wavelength in our spectra and
he corresponding value calculated with the vibrational constants given in [33].

c

F
f
f

ig. 4. LIF excitation spectrum from IR decomposition of Si3H8–DMS (1:1,
otal pressure 0.3 mbar), showing contribution of SiH2, CH2 and H2 species.
he corresponding transitions are given in the text.

hich the former and latter, respectively correspond to primary
ilylene elimination from Si3H8 and silylene eliminations from
ntermediates.

The time evolution of each of the transients detected in the
o-LPHP of Si3H8–DMS (1:1) mixture was monitored by means
f the curves obtained for each transient by varying the delay
etween the pump and probe pulses (Fig. 5). The delay of Si2
nd Se2 has been monitored from the LPHP of pure precursors,
hile that of SiSe and SiH2 was followed from the co-LPHP
f the Si3H8–DMS (1:1) mixture, respectively excited at 266.5
nd 580.2 nm. The maxima of these curves are given in Table 3
ogether with their rise and decay times.
ussed as follows. The fast formation of the Si2 and SiH2 species

ig. 5. LIF intensity vs. the delay between the pump and probe pulses for Se2

rom pure DMS (a), for SiSe (b) and SiH2 (c) from Si3H8–DMS mixture, and
or Si2 (d) from pure Si3H8.
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Table 3
Parameters of delay curves for the different transient species in Fig. 5

Transient Maximum (�s) Rise time (ns) Decay time (�s)

Se2 (a) 3.5 1800 9.55
SiSe (b) 1.8 600 6.46
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for amorphous silicon–selenium alloys. We note that the Si Se

−1
iH2 (c) 0.7 400 2.30
i2 (d) 0.1–0.3 >100 1.50

s in line with silylene elimination and dehydrogenation being
he primary channel, while the fast decay of these species must
e due to agglomerization reactions. The Si2 species observed
arlier (within the first 100 ns) and depleting faster than SiH2 is
n keeping with its faster agglomerization and/or with the for-

ation of SiSe being faster through the Si2 + Se than through the
iH2 + Se channel. The SiSe signal reaches its maximum earlier
nd decays faster than that of Se2. This feature is in keeping
ith a reaction between Si2 and Se2 and reflects that some Se2

pecies remains unreacted. A simple interpretation of these pro-
les is not straightforward the above rationale reconciles with

he suggested (Scheme 1).
The spontaneous emissions from electronically excited radi-

als produced in the LPHP process were collected by an ICCD
amera. At energies and pressure used in the LIF experiments
0.2 J, 0.3 mbar) only a wide band centred at around 550 nm was
ound for pure Si3H8 and the Si3H8 + DMS (1:1) mixture. For
igher irradiation energies and pressures, the same band centred
t around 550 nm for pure trisilane appears (Fig. 6a), but two
ew bands are detected in the spectrum of the mixture, one at
round 300 nm and the other at 400 nm (Fig. 6b). On the other
and, no spectrum of electronically excited species appears in
he irradiation of DMS at any of the used energies or pressures.

The band centred at 550 nm has been assigned [43,44] to
missions from vibrational levels ν2

′
= 0–7 of the A1B1 elec-
ronically excited level of SiH2 to ν2
′′ = 0–4 of the X1A1 ground

tate. The SiH2 spontaneous emission found in all our condi-
ions has been detected in IR decomposition of several molecules
45,46] as a broad and featureless band in this region. The bands

ig. 6. Spontaneous emission spectra from LPHP of pure Si3H8 (a) and of
i3H8 + DMS (1:1) mixture (b), both at 1 J and 1–2 mbar. The corresponding

ransitions are given in the text.
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round 300 and 400 nm arise from emissions of different sys-
ems of SiSe. Thus, the band at 300 nm can be assigned [47] to
ransitions ν

′−ν′′ (ν
′
= 0–3, ν′′ = 0–6) of the A1�–X1�+ sys-

em, while the band around 400 nm can be assigned [48] to
he progression 0−ν

′′
, ν
′′

= 0–3 of the spin forbidden transition
3�–X1�+. Emissions from the C3�→X3� system of SiC can
49] contribute also to this last band. These results show that elec-
ronically excited SiSe is produced in conditions of irradiation
t the higher energies used in this work.

From LIF and spontaneous emission studies it is concluded
hat SiH2, CH2, H2, Si2, Se2 and SiSe transient species in
heir respective ground states and electronically excited SiH2
nd SiSe are formed in the LPHP of Si3H8 + DMS mixtures in
greement with the proposed decomposition Scheme 1.

.3. Solid products

The FTIR spectra of the in situ measured films deposited
rom Si3H8–DMS mixtures (Si3H8:DMS = 0.33, 1, 3.0; total
ressure 27 mbar) somewhat differ (Fig. 7) from that of the
lms deposited from neat Si3H8. The latter shows [50] com-
osite bands at 625 and 720 cm−1 of various HxSi modes,
iH2 wagging and scissoring bands at 865 and 899 cm−1 and
stretching (SiHx) band at 2109 cm1. The former possess addi-

ional bands at 1250 cm−1 (deformation CHxM (M = Se [22]
nd Si) [51]), ∼850 cm−1 (a blend of stretching Si C, rock-
ng CHx and wagging and scissoring modes of SiH2) and
ave the Si H stretching band shifted to higher wavenum-
ers. This shift is illustrated in the FTIR spectra (wavenumber,
m−1 (Si3H8/DMS ratio)) of different mixtures – 2123 (3.0),
132 (1.0) and 2143 (0.33) (Fig. 7) – and is compatible with
he presence of HnSi Se structures as previously reported [52]
and at 390 cm [52] could not be observed under our exper-
mental conditions and that the band for the SiSe reported [18]
n the solid argon matrix at 575 cm−1 was not observed either.

ig. 7. FTIR absorption spectra of deposited films obtained from Si3H8 (13 mbar
a)) and from Si3H8–DMS mixtures with Si3H8/DMS ratio = 3.0 (b); 1.0 (c) and
.33 (d); total pressure 27 mbar) (the arrow designates the 1250 cm−1 band).
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Fig. 9. FTIR spectrum of the deposit from Si3H8–DMS mixture (1:1 ratio,
27 mbar) before (a) and after exposure to air for 1 h (b) and 2 days (c) (the
arrows indicate the growth of the SiOSi and OHO bands).

Fig. 10. The growth of the SiOSi absorbance in the films deposited from
t
1

a
f

ig. 8. The shift of the �(Si H) band from 2120 cm−1 (deposit from pure Si3H8)
s dependent on the amount of decomposed DMS.

The FTIR spectra of the in situ measured films deposited
rom the Si3H8–DMS mixtures at total pressure 10 mbar reveal
hat the Si–H band is detected in the region 2120–2150 cm−1

nd that the shift to higher wave numbers correlates with the
mount of DMS decomposed (Fig. 8). This dependence makes
bvious that the formation of the HnSi–Se bonds becomes more
easible with more DMS decomposition. The absence of the
bsorption at 575 cm−1 (SiSe) suggests that SiSe, proved in
he LIF experiments, is highly reactive and decays to yield the

nSi–Se structures.
The deposits undergo changes upon opening the reactor to air

nd evolve small amounts of gaseous products. These changes
re manifested by FTIR and mass spectra. The films develop new
TIR bands at 1070 and 3480 cm−1 (respectively assignable [51]

o the SiOSi and O H . . . O stretching modes) and retain the
ther bands unchanged (Fig. 9).

The GC/MS analysis of the gases formed upon contact of
he films with air were identified [mass spectrum, m/z (relative
ntensity in %)] as H2Se [84 (13), 83 (6), 82 (86), 81 (31), 80
100), 79 (28), 78 (50), 77 (16), 76 (15)] and CH3SeH [98 (17),
7 (8), 96 (100), 95 (51), 94 (65), 93 (77), 92 (41), 91 (33),
0 (15), 89 (9), 82 (9), 81 (19), 80 (52), 79 (9), 78 (28), 77
12) 76 (11)]. These compounds are in line with hydrolysis of
i Se bonds and provide indirect evidence on the presence of

he Si Se Si and Si Se CH3 units in the films (Scheme 2). The

IC area of methyl selenide are considerably lower than that of
ydrogen selenide (Table 4), which indicates preponderance of
he Si Se Si units over Si Se CH3 units.

o
a
i

Scheme 2
he Si3H8–DMS mixtures (Si3H8/DMS ratio 1:1, 3:2 and 4:1; total pressure
0 mbar) exposed to air.

The films deposited from the Si3H8:DMS = 1:1, 3:2 and 4:1
nd exposed to air build-up the 1070 cm−1 band (Fig. 10) at dif-
erent rate. The hydrolytic process is slower as the proportion
f Si H in the initial mixture is increased. This may indicate
3 8
coating effect of the silicon polymeric film protecting the

ndirectly proven Si Se bonds against hydrolysis.

.
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Table 4
Analysis of deposited films

Irradiated mixturea,
Si3H8/DMS

Decomposed H2Se (TICb

area)
H2Se (TIC area)/DMS
(decomposed, mbar)

CH3SeH/H2Se
(TIC area ratio)

Stoichiometryc Contributions of Si unitsd

Si3H8

(mbar)
DMS
(mbar)

SiCxHy C(Si) Si O SiO4

0.33 2.1 6.8 21270 4140 0.02 Si1.00Se0.01C0.30O1.47 – 0.20 0.80
1.0 4.4 4.8 6420 1770 0.06 Si1.00Se0.03C0.37O0.84 0.23 0.19 0.58
3.0 7.1 2.7 4600 2300 0.01 Si1.00Se0.02C0.19O0.39 0.45 0.28 0.27

a Total pressure 27 mbar; fluence 10 J/cm2.
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b Total Ion Current.
c EDX analysis.
d As derived from photoemission Si 2p line.

The Raman spectra of the deposited films exposed to air (not
iven) show bands at 255 and 506 cm−1 that are assigned [53] to
lemental selenium. Other observed bands at 770 and 1099 cm−1

Si O bonds [54]) are weak for the films deposited from the mix-
ures rich in DMS and increase their intensity with the proportion
f Si3H8. In the deposits obtained from the Si3H8-rich mixtures,
lemental Se is not observed and c-Si is detected through bands
t 517 and 963 cm−1. A band at 388 cm−1 related to Si Se bond
55] is not observed due to hydrolysis of the Si Se bond in air.

The SEM images of the solid films exposed to air have
he same morphology disregarding different conditions of their
eposition (Fig. 11). They show fluffy agglomerates with size
anging from ca. 5 to 100 �m. The TEM images show particulate
izes smaller than 30 nm.

The EDX analysis of the films produced from the 27 mbar
i3H8–DMS mixtures exposed to air (Table 4) reveals the pres-
nce of Si, C, O and Se elements. It shows that the Si content
ncreases, the O content decreases and the C content is not sig-
ificantly affected with the higher proportion of Si3H8 in the
nitial mixture. The greater incorporation of O is due to hydrol-
sis of the Si Se bonds (as reflected with more evolution of
2Se (and CH3SeH) in Table 4) and hence with the higher con-

ent of the Si–Se bonds in the films prior to exposition to air.
he highest efficiency for the Si Se bond formation is observed
t Si3H8/DMS = 0.33. The Se observed by the EDX must be in
lemental form. The O content being an approximate measure of

he Se Si bonds before exposition to air (a considerably smaller
raction of O may be due to incorporation of O into the Si C
ramework [56]), makes us infer that Se is very mostly incor-

d
i
t

Fig. 11. SEM ((a) 25,000×) and TEM ((b) 100,000×) images of the fi
orated in the Si Se bonds. Ca. 11–17 at% of C in the solid
eposits is in keeping with more C incorporation in the solid
han in the gaseous products.

The XPS surface stoichiometries, calculated from inten-
ities of photoemission lines, of the films deposited at
i3H8/DMS 0.33, 1.00 and 3. 0 at total pressure 27 mbar (in the
iven order Si1.00Se0.04C0.60O1.69, Si1.00Se0.03C0.48O1.22 and
i1.00Se0.03C0.31O0.84) are in keeping with the EDX—derived
omposition of the bulk films. The observed values of Se
d core level binding energies (54.8 eV) and of kinetic
nergy of corresponding SeL3M45M45 (1G) Auger electrons
1306.4–1306.7) are in accord with elemental selenium [57,58].
hose of Si 2p binding energies (100.0 eV, 102.2 eV and
03.5–104.1 eV) and of Si 2s binding energies (150.3–150.7 eV
nd 154.2–154.5 eV), respectively indicate [59,60] the pres-
nce of SiCxHy , C(Si) Si O and SiO4 structural units.
he contributions of these units in the films from different
i3H8/DMS mixtures differ (Table 4, Fig. 12). The content
f SiO4 unit increases with decreasing Si3H8/DMS ratio.
onsidering that SiO4 units are generated by hydrolysis of

he SiSe and/or Si(Se )x(H)y units in the deposited films
pon exposure to air, the highest SiO4 portion observed for
i3H8/DMS = 0.33 confirms (and is in line with above data) that

hese films possess the most abundant SiSe and/or Si(Se )x(H)y

nits.
In effort to detect the Si Se bond, one sample of the film
eposited at = 0.33 was transferred to the XP spectrometer
mmediately after opening the reactor so that the exposure
o air was minimized. The surface stoichiometry of this film

lm deposited from the Si3H8–DMS mixture (1:1 ratio, 27 mbar).



M. Santos et al. / Journal of Photochemistry and Ph

Fig. 12. Spectra of Si 2s, Se 3p and SeL3M45M45 electrons taken from films
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eposited at Si3H8/DMS 1 (a); 0.33 (b); and 3 (c) and compared to those obtained
t Si3H8/DMS 1 with minimum air exposure (d) (the vertical lines located at
60.5 and 180 eV indicate posicion of Se 3p3/2 and SeL3M45M45 components
elonging to elemental Se).

Si1.00Se0.09C0.38O0.31) indicates the higher content of Se and
he lower content of O and the XP spectrum (Fig. 12d) reveals
ifferent contributions of SiCxHy (0.13), C(Si) Si O (0.63)
nd SiO4 (0.24) structural units; additionally a new signal at
6.2 eV and kinetic energy of corresponding SeL3M45M45 (1G)
uger electrons 1304.6 eV indicate a new form of Se state that

an be tentatively assigned to selenium in Si Se bond
The EDX FTIR, Raman and XPS analysis and behavior of

he films in air can be reconciled with LIF detection of SiSe only
y assuming that SiSe species is very reactive when produced
n the gas phase and that it decays through ensuing reactions to
olid products possessing H/C/Si/Se polymeric films.

The SiSe is isovalent to SiO [61,62] that undergoes fast
olymerization to structurally inhomogeneous material (e.g.
63–65]). The deposited solids do not show infrared band of SiSe
or (750 cm−1 assignable [66], which rules out the possibility
f SiSe decay through SiSe polymerization and SiSe decompo-
ition (2 SiSe→SiSe2 + Si [67]). These facts suggest that SiSe
ets lost through other sink reactions. The known [68] Si+–Se−
olarity would favour nucleophilic attack of SiSe to >Si(H)
oieties, leading to the formation of the >Si(H) Se Si struc-

ures. Other important reactions can be insertion into Si H
onds, addition across silene and combination with silylenes, as
educed from analogous steps of isovalent SiO which behaves
69] as a reactive silylene.

. Conclusions
Infrared laser irradiation of gaseous mixtures of DMS and
risilane results in the formation of transient SiSe, silylene,
ethylene, Si2, Se2 and H2 species (detected by LIF experi-
ents), the variety of stable volatile products—Si-containing

[

[

otobiology A: Chemistry 188 (2007) 399–408 407

ompounds (silane, disilane and methylsilanes (CH3)nSiH4−n

n = 1–3), hydrocarbons (methane, ethane, ethene and ethyne)
nd Se-containing compounds (methyl selenide and hydrogen
elenide) and affords chemical deposition of solid nanostruc-
ured films containing Si, C, H, Se and O atoms.

Interference of DMS and trisilane decompositions is indi-
ated by the presence of the stable volatile H2Se, CH3SeH and
CH3)nSiH4−n compounds and by detection of transient signals
f SiSe.

The occurrence of SiSe in the solid deposited films is not
etected by in situ measured FTIR spectra of the films after
emoval of gaseous products in vacuum.

The films incorporate O and liberate H2Se and CH3SeH com-
ounds upon exposure to air. This is in line with the presence
f the SiSe and or Si Se X (X = Si, C) bonds contained in
olysilacarbothienes and with their hydrolysis upon contact to
ir moisture.

The hydrolysis progress is slower with the films produced
rom mixtures with higher proportion of trisiliane, which is
ointing to some coating effect of the silicon polymeric film
rotecting the assumed Si Se bond against hydrolysis.

The absence of gas-phase produced SiSe in the solid phase
s judged as caused by its polymerization and/or fast reactions
ith number of gas-phase produced species.
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Tláskal, R. Mayer, J. Pola, Appl. Phys. 46A (1988) 768.

[7] J.S. Haggerty, W.R. Cannon, in: J. Steinfeld (Ed.), Cannon Laser Induced
Chemical Processes, Plenum, New York, 1981.

[8] W.M. Shaub, S.H. Bauer, Int. J. Chem. Kinet. 7 (1975) 509.
[9] D.K. Russell, Chem. Soc. Rev. 19 (1990) 407.
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26] D. Pokorná, M. Urbanová, Z. Bastl, J. Šubrt, J. Pola, J. Anal. Appl. Pyrolysis
71 (2004) 635.
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