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Silicon Oxide Cluster Formation and Stability in the Laser Ablation of SiO Targets
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The formation mechanism and stability of silicon oxide clusters observed in the ablation of SiO targets at
266 nm were investigated by time-of-flight mass spectrometry, laser-induced fluorescence (LIF), and DFT
calculations. Neutral and positively charged Si,™ and Si,O,,Ho," clusters were identified in the plume, but
neutral Si,O,, could not be observed. The time distribution of SiO in the plume measured by postionization
with an ArF laser (A1 ~ 1 nm, 7 ~ 14 ns) and mass spectrometric detection was compared with that obtained
by LIF with narrowband dye laser selective excitation of one specific rovibronic transition in SiO. Postionization
leads to a multicomponent distribution that extends up to times near 100 us after ablation, whereas LIF
measurements obtain time distributions shorter than 20 us. DFT calculations of several Si,0,,”" were performed,
showing that one photon absorption of the postionization laser makes available low-energy dissociation channels
of the neutrals, whereas two photon absorption is required for ionization. DFT calculations were carried out
for stoichiometric H-containing clusters Si,O,H" (n = 1—4). For n = 1,2, the optimized geometries involve
bonding of hydrogen to one oxygen atom in the clusters; for n = 3 and 4, the structures containing H—Si

bonds are more stable.

1. Introduction

Interest in silicon oxide clusters is increasing after the
discovery of their fundamental role in the growth and final
properties of nanosized materials. Experimental and theoretical
work have reported that silicon suboxide clusters, especially
silicon monoxide, are involved in the growth of silicon
nanowires.' ™

The optical properties of silicon oxide clusters are dependent
not only on size but also on the degree of oxidation. Theoretical
calculations predict that small Si,0,, clusters (n, m < 8) may
have a strong influence on the optical properties of materials
with embedded silicon nanoparticles because of the remarkable
energy gap dependence on oxygen content.® This is consistent
with the significantly different properties found for the above
materials under different synthesis conditions; for instance, the
photoluminescence spectrum of cluster deposits formed by laser
ablation of silicon targets significantly changes when ablation
takes place in the presence of small amounts of oxygen.’

Hydrogen defects also influence the properties of silicon oxide
nanostructures; for instance, the performance of devices based
on silicon-rich oxide (SRO) nanodeposits is strongly dependent
on their hydrogen content.® The hydrogen atom can bond in
different configurations, and the dominant defect type depends
on the stoichiometry of the material.

Free silicon oxide clusters of different stoichiometry can be
generated by evaporation and laser ablation or sputtering of
sources containing SiO, SiO,, or Si and 0,.!° In the ablation
of SiO at the laser wavelengths of 308 nm, we have reported
the formation of silicon oxide cationic clusters and neutral and
cationic Si, clusters;'""'> however, no neutral Si,0,, were
detected, although DFT calculations predict stable configurations
for the above clusters under normal conditions;*~ !> moreover,
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relatively large fragmentation energies have been calculated for
several Si;O, neutral clusters.!® At the ablation wavelengths of
10.53 um and 308 nm, it has also been reported that the target
decomposes by thermal ablation via disproportionation of SiO,
resulting in the development of Si islands in the ablated spots."”

In this work, we have investigated the formation of silicon
oxide clusters using ablation of SiO at the laser wavelength of
266 nm, where the mechanism is nonthermal and dispropor-
tionation of the target has not been observed, at least in the
range of fluences spanned in this work.!® Time-of-flight mass
spectrometry, computational methods, and laser-induced fluo-
rescence (LIF) are used to investigate the formation mechanisms
and stability of cationic and neutral silicon oxide clusters. The
results can provide guidelines toward the design of strategies
for the controlled synthesis of silicon oxide nanostructures. Also,
in this work, we have investigated the structure of H-containing
clusters; it has been pointed out that atoms in small clusters
can all be considered to be surface atoms; therefore, understand-
ing the bond structure of those small clusters can help us to get
insight into the H-bonding of siliceous surfaces and nanode-
posits. "

2. Experimental and Computational Methodology

Pressed pellets of SiO were ablated under vacuum conditions
better than 2 x 107° mbar by the focused output of the fourth
harmonic of a Nd/YAG (266 nm) laser. Cluster composition of
the ablation plume was investigated by TOF-MS (time-of-flight
mass spectrometry). The target was placed between the repelling
and extracting plates of a linear TOF-MS, with target surface
parallel to the flight axis of the mass spectrometer and at variable
distances from the flight axis; an electric field typically in the
range of 45—250 V+cm™! deflected the ions along the TOF axis.
Neutral species in the plume were observed by ArF laser (193
nm, A4 ~ 1 nm) postionization. Laser energies were limited
by variable apertures to values in the range of 0.1 to 2.5 mlJ.
The laser beam mildly focused by a 40 cm focal length lens
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Figure 1. Ablation of SiO targets at 266 nm. (a) Mass spectra of
positive ions in the plume obtained at a laser fluence of 0.2 J-cm™2.
Peaks marked with an asterisk are (Si0)," (n = 3, 4). Peaks marked
with full circles are m/z = 45 and 89 assigned to SIOH™ and Si,O,H™,
respectively. The insets show expanded views of the m/z regions 70—90
amu, 100—150, and 175—180 amu. Unlabeled peaks are impurities.
(See the text.) (b) Mass spectra of neutral species in the plume observed

by postionization with an ArF laser delayed 7 us with respect to the
ablating laser, crossing the plume 1 cm above the surface.

interacted with the plume perpendicularly to both the direction
of the plume propagation and flight axis of the spectrometer.
Ions produced by postionization were extracted by a pulsed field
applied to the extracting/accelerating plates of the mass spec-
trometer by a high voltage switch (Behlke, GHTS 60) at
controlled time delays with respect to the ablation and postion-
ization laser pulses. In this way, positive ions formed directly
by ablation are swept away from the extraction region and do
not interfere with the detection of postionized species,'? allowing
time distribution measurements of neutral species. Also, the time
distribution of SiO was obtained by LIF, exciting the SIO(A'TT/
= 3 — X!Z”” = 0) transition near 221.5 nm and collecting the
(ATl = 3 — X'Zv” = 8) fluorescence at 281—283 nm. For
LIF measurements, vacuum conditions were also better than 2
x 107® mbar. The experimental setup has been reported in
previous works.'3

The structure of the cationic clusters observed in the ablation
plume was investigated by density functional theory (DFT)
calculations. The computations were performed by means of
the suite of programs Gaussian03% with the theoretical model
B3LYP/6-31G+(d). In all systems considered in this work, the
calculated geometries were optimized at the same level, and
energy minima structures were confirmed by frequency
calculations.

3. Results and Discussion

3.1. Composition of the Plume. Mass spectra recorded at
the ablation wavelength of 266 nm are shown in Figure la.
Si,O™ is the most intense silicon oxide mass peak under a wide
range of ablation conditions. Other Si-rich clusters, Si;O¥,
Si30,", and weak features assigned to Si;O" and Si;O,", are
also observed, together with stoichiometric (Si0)," (n = 1—4).
For n =1 and 2, mass peaks assigned to (SiO),H" have higher
intensities than the corresponding bare species; for n = 3 and
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4, the mass features are better assigned to the bare clusters,
although for n = 4, because of its weak intensity and partial
overlap of the isotopic components, the presence of H-containing
species cannot be fully excluded. Atomic silicon and Si,™ (n =
2—10) were also detected, although with very weak intensity
for n > 6. The spectra also showed impurities with low ionization
potentials Na™, K™, Li*, and Al".

Some insight into the cluster formation mechanisms can be
gained by comparing the plume composition obtained by 266
nm ablation with that reported by us in previous work.'"!?

At 266 nm, Si,O%, Si;O", and SizO," show the same relative
intensities as those at 308, 540, and 532 nm, indicating that
their formation process is quite insensitive to the laser target
and laser plume interactions despite the differences in target
absorption properties (nearly 1 order of magnitude larger at 308
nm than at 532 nm) and pulse duration (8 ns at 532 and 540
nm and 18 ns at 308 nm). This suggests that although ablation
is carried out under vacuum, the small clusters observed in the
present work can aggregate in the relatively dense region created
near the target surface by barrierless or low barrier processes,
similarly as predicted for small neutral clusters. For the latter,
computational studies show that no barriers are present for SiO
+ Si, — Siz0 and SiO + Si,O — Si;0, reactions.?!

The relative intensity of stoichiometric (SiO)," clusters is
higher at 266 nm than at longer wavelengths. As stated above,
at 266 nm, (SiO),H* (n = 1,2) are stronger than the bare species;
however, this cannot be discerned at longer ablation wavelengths
because of broadening of the mass spectral features under the
conditions at which they have appreciable intensity.

The intensity distribution of Si,™ clusters is significantly
different at 266 nm than at longer ablation wavelengths. At 266
nm, the intensity of clusters with 6 to 11 atoms, recorded at
different laser fluences and extraction conditions, is very weak.
The opposite happens at 532, 540, and 308 nm; at these
wavelengths, prominent Sigt—Si;; ™ mass features are observed
under a wide range of fluences,!! with relative intensities that
strongly resemble the intensity distribution of Si,* products
obtained in the dissociation of heavy Si,* (n > 30) clusters.?>?
This pattern can be accounted for only on the basis of the
stability of products and therefore is largely independent of the
dissociation source, either laser or collision-induced fragmenta-
tion.”* The absence of the intense Sig"—Si;;* characteristic
fragmentation pattern indicates that effective formation of heavy
Si, ™ does not take place at 266 nm ablation. It should be noted
that if Sig"—Si;; " clusters were depleted by absorption within
the ablation laser pulse duration, then it would result in Si*
and Si,* as the final products;** however, Si* and Si,™ signals
are weak in the mass spectra of the plume at 266 nm ablation.

We suggest that the significant differences in Si,™ (n = 6—11)
cluster intensity observed at long and short wavelengths could
be related to the different effects induced on the target surface
in each ablation region; at 308 nm and longer wavelengths,
thermally induced disproportionation of the SiO target leads to
the development of Si nanocrystals on the target, whereas at
266 nm and shorter wavelengths, there is evidence of the
participation of an electronic ablation mechanism that does not
yield Si nanocrystals, at least in the range of fluences used in
this work.!”

ATrF laser postionization of the plume shows intense Si, SiO,
and Si, mass peaks and much less intense Si; and Si,. Similar
plume composition was obtained at 308 nm ablation, although
Si, " clusters had relatively higher intensity and peaks up to n
= 7 were observed at moderate fluences of ~0.6 J-cm™2. At
both wavelengths, SiO is the most intense species under different
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Figure 2. Time distributions of SiO at 266 nm. (a) Recorded by ArF
laser postionization (fluence of 0.5 J+cm™2 and distance [ = 1.5 cm).

(b) Recorded by narrowband laser-induced fluorescence. (F = 0.85
Jeem™2 [ = 1.5 cm).

ablation fluences and time delays between postionization and
ablation pulses. The mass spectrum is depicted in Figure 1b.
Neutral silicon oxide clusters were not observed, similarly as
reported at longer ablation wavelengths.'> We note that within
the A1 ~ 1 nm bandwidth of the postionization, ArF laser
heavier Si,0,, clusters traveling in the plume at lower speed
than SiO could be resonantly excited, some of which could
undergo photofragmentation in the extraction region of the mass
spectrometer, contributing to a delayed source of SiO.

The above possible channels can be discriminated by
comparing the time distribution of SiO in the plume obtained
by ArF laser postionization with the time distribution measured
by selectively probing SiO by narrowband laser excitation (A4
narrower than 0.004 nm) of its rovibrational (A'TI' =3, N’ ~—
X!Zy” = 0’,N”) transitions near 221.5 nm. The results are
presented in the next section.

3.2. Time Distribution of SiO in the Plume. The SiO time
distribution measured by ArF laser postionization is depicted
in Figure 2a. The distribution shows a complex shape with a
maximum at ~7 us and a shoulder at ~15 us, followed by a
long tail that lasts up to times longer than 100 us. The relative
contribution of this slow component increased with increasing
fluence. Postionization signals of Si and Si, were also obtained
at time delays longer than 60—80 us after ablation; these slow
components could arise from heavy neutral Si, clusters that
would be formed in the ablation and then undergo extensive
fragmentation within the ArF positonization laser pulse. How-
ever, the other source for Si and Si, formation is the dissociation
of Si,0,, clusters. In Section 3.3 below, a more detailed
discussion on the fragmentation products of several Si,O,,
clusters will be given.

Figure 2b shows LIF of a single rovibrational transition of
the ejected SiO selectively excited with a narrowband dye laser.
The slow component of the time distribution is not observed,
and the fast component reaches its maximum at shorter time
than that of the time distribution obtained by postionization,
indicating that in the latter, several sources contribute to the
SiO mass signal.

Besides fragmentation of heavier Si,O,, species, other possible
source of the above delayed components could arise from ArF
postionization of metastable excited states of SiO. The electronic
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Figure 3. Calculated geometries of the most stable isomers of Si,O,
Si;0%, Siz0,™, Si40™, and Si40,™. The energies are relative to the most
stable configuration (red oxygen atoms).

structure of SiO has been widely investigated by both theoretical
and experimental methods. The lowest excited states are the
triplet 2> * and b1 lying 4.14 and 4.21 eV, respectively, above
the ground X'=" state.?>?¢ The spin forbidden transitions a’="
— X'=*" and bTT — X' * have been observed experimentally,?’
and the emission lifetimes are calculated to be in the range of
milliseconds,? although collisional quenching could consider-
ably shorten the above lifetimes. However, detection of SiO
(*" and b*IT) by postionization requires the absorption of two
ATF laser photons that, even from the lowest vibrational v = 0
state, would excite the molecule ~5.4 eV above the ionization
threshold and thus ~0.42 eV over the ion dissociation limit into
Si*(*P,) and OC’P).? Although this mechanism could contribute
to the delayed Si signal observed in postionization, it would
not account for the delayed Si, formation reported above.

Therefore, we tentatively conclude that the most plausible
mechanisms contributing to the slow components of the SiO
time distribution arise from resonant excitation, within the
relatively wide bandwidth of the ArF postionization laser (A4
~ 1 nm), of neutral silicon oxide clusters formed in the ablation,
followed by fragmentation into SiO; this would lead to different
components of the SiO time distribution delayed with respect
to the primarily formed SiO. For Si,0,, clusters (n = 12—18),
theoretical calculations indicate that the preferred dissociation
pathway would produce a small pure silicon cluster or Si-rich
oxide clusters plus a stable silicon oxide molecule.? Moreover,
experimental work shows that the loss of one SiO unit is also
the main fragmentation channel of stoichiometric (SiO),"
clusters.?®

In the next sections, aiming at getting some insight into the
processes involved in the postionization of Si,0,,", we have
investigated the possible isomerization and dissociation channels
by the study of the clusters most stable configurations and
energies.

3.3. Structure of Nonstoichiometric Si,O0," Clusters
Formed in the Ablation. Structure optimizations of positively
charged nonstoichiometric Si,O%, Si;O", Si;0,*, Si,O™, and
Si,O," were performed, starting from a high number of possible
candidate structures and taking into account the reported Si—O
bonding distance.®!* The results are shown in Figure 3. Up to
our knowledge, no previous calculations of Si,O,," clusters are
available, except for Si,O" and Si;O*. For the latter, ring
geometries have been reported;13 however, although for Si,O™,
we also find a local minimum in the potential energy surface at
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Figure 4. Energy level diagram of Si,0,,”" cluster states and lowest
dissociation channels available by one- and two-photon ArF laser
excitation (postionization). Vertical arrows indicate the different regions
of the potential energy surface from which second-photon ionization
could take place during the 14 ns ArF pulse duration.

TABLE 1: Calculated Ionization Energies of SiO and Si,O,,
SiO Si,O Si;O0 Si,O Si;0, Si,0,

VIP/eV 11.54¢ 7.06 8.09 9.09 7.4 7.9
AIP/eV 6.98 7.65 7.68 6.97 7.6

¢ Experimental value is 11.6 eV.

a Si—O—Si angle near 102°, the linear geometry shown in
Figure 4 is 0.35 eV more stable. For Si;O™, the optimized
geometry obtained in the present work is a nonplanar closed
structure with the O atom out of the plane of the three Si atoms.

To obtain ionization energies and to estimate the energy
available for Si,0,, cluster fragmentation by photon absorption
of the ArF postionization laser, we performed calculations of
the respective neutral clusters and of SiO, Si,, and Si; at the
same level of theory. The most stable isomers obtained in the
present work for Si,O, Siz0, and Si4O are similar to previously
reported calculations under different theoretical approaches.'*?!
For Siz0, and Si40,, triplet and singlet planar ring structures
are, respectively, found in agreement with other results,®?!
although different isomers are found to be more stable under
other approaches.!*?!?* The calculated vertical and adiabatic
ionization energies are listed in Table 1. Our calculations are
in good agreement with previously reported data for SiO, Si,,
Si,0, and Si;0.'3%

Regarding the differences observed between the structures
of Si,,0,, neutral and cation clusters, natural bond orbital (NBO)
population analysis shows that the excess of positive charge
created by the removal of one electron is shared by the Si atoms
straining the cluster structure; the cation energy stabilizes,
breaking Si—Si or Si—O bonds or adopting elongated geometries.

The cluster ionization pathways and lowest spin-allowed
fragmentation channels opened by ArF laser photon absorption
of Si,0,, are depicted in Figure 4. The energy diagram illustrates
the possible mechanisms for SiO delayed formation. The lowest
dissociation channel of neutral clusters gives SiO plus Si,,—10,—
products; the calculated dissociation energies are in the range
of 1.5 to 2.5 eV, which is in agreement with previously reported
data.' The calculated ionization potentials are in the range of
7.0—9.5 eV, and the energy required to dissociate the most stable
Si,0,,7 isomer into SiO plus Si,—;0,—;" is in the range of
2.0—4.0 eV. Therefore, absorption of one laser photon by
excited states of the neutral clusters would place energy in
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excess above their respective dissociation limits, whereas two-
photon absorption is required for ionization. In clusters of
moderate size, internal conversion of the states initially excited
by one-photon absorption is on the order of picoseconds,* which
is very fast in comparison with the nanosecond laser pulse;
internal conversion into the ground state, followed by cluster
dissociation, can compete with ionization by a second laser
photon, then minimizing the ionization yield in favor of
fragmentation processes. It has been shown in several works
that reduced or null fragmentation can be achieved when
postionization of neutral clusters is carried out by multiphoton
ionizations with ultrafast femtosecond laser pulses® or by one-
photon ionization with short-wavelength lasers.*!

We tentatively conclude that neutral clusters in the plume,
reaching the interaction region with the postionization laser at
longer times than the primarily formed SiO, undergo fragmenta-
tion providing a route for delayed formation of SiO in the plume;
this leads to the complex time distribution of SiO shown in
Figure 3a and precludes the observation of neutral clusters by
two-photon ionization with nanosecond ArF laser pulses.

3.4. Structure of Stoichiometric and H-Containing Clus-
ters. The most stable structures of positively charged Si-
10,(Ho )t (n = 1—4) are shown in Figure 5. The structures of
H-containing clusters were calculated starting from a large
number of geometries and with the H atom facing either Si or
O. For bare Si;05™ and Si,0,", several isomers were found very
close in energy within a narrow interval of ~0.5 eV; the
calculated geometries were in agreement with those reported
in recent work.?® Clusters up to n = 3 have planar geometries
with only Si—O bonds. Clusters with n = 4 were 3D rings with
only Si—O bonds or structures containing one Si atom coordi-
nated to three or to four O atoms in a tetrahedral geometry.
Si—O bond distances were in the range of 1.5 to 1.9 A.

No previous calculations have been reported for H-containing
clusters. In the optimized SiOH' and Si,O,H" structures
(observed in the mass spectra with more intensity than their
corresponding bare cluster), the H atom is bonded to one O
atom with bond distances smaller than 1 A. For the most stable
Si;0sH" and Si,O,H" isomers, H bonds to one Si atom; the
Si—H bond distances are in the range of 1.1 to 1.5 A. The
exoergicity of the reactions Si,0,* + H — Si,O,H" was also
calculated, showing that the formation of hydrogenated clusters
is energetically favorable in all cases.

The analysis of the NBO populations can provide some
understanding of the structure of H—Si and H—O bonds. In
Table 2, the natural populations calculated for several Si,0,"
(n = 1—4) isomers and the respective clusters with H—Si and
O—H bonds are listed. H—O formation involves electron
population transfer from the H atom to the cluster, leaving a
positive natural charge in H. When H bonds to a Si atom in the
cluster, some small redistribution of the charge occurs in the
system, leaving a higher positive NBO population on the Si
atom involved in the bond and a small, close to zero, negative
NBO charge in the H. The higher relative stability of Si—H
containing clusters in (SiO),H" (n = 3 and 4) can be understood
by the presence in these structures of low coordinated Si atoms
with sp? and sp* hybridation, which are stabilized by the addition
of hydrogen.

Hydrogen can be present at the surface of siliceous materials
in the form of SiOH defects.’ In many oxides, in contact with
atmospheric water, hydroxyl groups are formed at the surface,
and their density can play an important role in the absorption
properties®? and in a number of applications.*® In metal oxides,
hydrogen can be bound to O atoms or to the metal atom; for
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Figure 5. Calculated geometries of the most stable isomers of (SiO),Hy;* (n = 1—4). Energies are relative to the most stable configuration of the

respective bare or H-containing cluster.

TABLE 2: NBO Populations of Si,,O,,Ho,lJ”’

EleV NBO charges

Si* [Si_ [Si_ [si [o* 5] o) ) H
FY )
0.0 eV 1.83 -0.83
R-OH" 0.0 | 161 -1.23 0.62
R-SiH* 275 | 1.94 -0.9 -0.04
®
P |
@
g0ey 172 | 1.72 122|122
R-OH' 0.0 |1.51 | 1.51 125 | -1.36 0.59
R-SiH' 0.46 | 2.06 | 1.5 A22  |=1.22 -0.11
?
o o
g9
0.0 eV 193 | 1.55 | 1.55 141|132 |32
R-OH" 0.34 | 1.51 | 1.48 | 1.48 123|141 | -1.41 0.57
R-SiH 0.0 |214 [1.51 [ 1.51 142|129 [-1.29 -0.14
‘..ax
0.04 eV 197 147 [149 [15 |41 |14 -1.28 [ -1.34
R-SiH' 0.0 |212 | 147 | 149 | 149 | 141 |-1.39 |-1.27 |-1.32 | -0.18
.{
Mo
0.18eV 164 | 164 | 164 | 164 |-1.39 |-139 |-1.39 |-1.39
R-OH" 114 | 147 | 149 [ 149 [147 |122 [-142 |-140 |-1.42 | 0.56
R-SiH 0.53 | 2.16 | 1.51 | 1.49 | 151 | -1.33 |-1.33 |-1.43 |-1.43 | -0.16

4 Si or O atom bound to H in the cluster.

instance, in TiO,, no TiH species have been found in the surface,
whereas in the less-reducible ZnO, both OH and ZnH species
have been observed.’® In silicon oxide materials, theoretical
calculations on the equilibrium geometry of SiO, surfaces
indicate that H bridges to oxygen atoms bonded to only one
Si.?

A possible mechanism of formation of Si,O,H" could be
started by desorption of hydrogen from the target surface during
ablation, followed by reaction in the plume; however, the fact
that hydrogenated nonstoichiometric clusters or Si;OsH™ are not
present in the mass spectra, despite the fact that its formation
processes are exoergic, suggests that the observed SIOH™ are
not formed by reactions in the plume but directly ejected from
the target surface at which only O—H defects would be present.

This mechanism would not generate species involving Si—H
bonding, as in the most stable isomers of Si;OsH* and Si;O,H™.

4. Conclusions

The generation of neutral and positively charged silicon oxide
clusters in the laser ablation of SiO target at 266 nm has been
investigated. Indirect evidence suggests that heavy neutral Si,O,,
clusters may be formed in the ablation, which undergo
fragmentation within the nanosecond pulse of the postionization
ATrF laser and thus preclude their observation by this probing
technique.

The bonding structure of Si,O,H" (n = 1—4) clusters was
also investigated. The results show that only clusters with O—H
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bonds are formed in the ablation. It is tentatively concluded
that H-containing clusters are directly ejected in the ablation
from the target surface containing a large density of Si—O—H
defects.
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