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The structure of the Si3Os (x = 2, 3) cluster is investigated; we find that the geometry of SizO2 is similar to that

of SizO3 except for the oxygen-deficient defect structure (Si—Si band) which exists only in the SizO2 cluster. It is known

that oxygen-deficient defects are used to explain visible luminescence (especially blue, purple and ultraviolet light) from

silicon-based materials, which are directly bound up with the excited states of the molecules. Therefore the excitation

properties of the two clusters are also studied. Our results show that the absorption spectrum of SizO2 is concentrated

in the visible light region. In contrast, the absorption spectrum of Si3O3 is mainly located in the ultraviolet light region.

The calculations are perfectly consistent with experimental data and also support the theory of oxygen-deficient defects.
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1. Introduction

It is well known that bulk silicon and silicon diox-
ide cannot emit visible luminescence but the photolu-
minescence (PL) spectrum from silicon-ion-implanted
thermal SiO, film can be clearly observed.!=6 At
present the reason for the PL remains a controver-
sial subject. Quantum confinement theory,!”8! lumi-

Ol and oxygen-deficient defect

nescence centre theory,
theory[>1% have been proposed to explain this phe-
nomenon. Qin'" considered that the PL arose as a
result of differences in experimental conditions. How-
ever, oxidized silicon clusters play an important role
in silicon-based materials. As one of the silicon-rich
oxidized silicon molecules, Si3Os may aid theoretical
research.

Wang et al.l'? have researched its ground state
and obtained the ionization potential (IP) and elec-
tron affinity (EA) values from both theory and exper-
iment but the excited state properties are still lack-
ing. It is known that the excitation properties under
an external electric field are crucial to the study on
PL,[1314] 5o the properties of the SigOy molecule are
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studied in this paper. The geometry of SizOs is sim-
ilar to that of SizO3 except for the oxygen-deficient
defect structure (Si-Si band) which exists only in the
SizOs9 cluster. However, their excited states under an
external electric field are obviously different. We in-
vestigate the properties of the SigO3 molecule!*® and
find that its absorption spectrum is mainly located
in the ultraviolet region. In order to probe the ef-
fect of the oxygen-deficient defect, the properties of
the Si3Os5 molecule are also studied. All the calcula-
tions are carried out using the Gaussian 03 program
package. 6]

2. Theoretical method

The Hamiltonian of the radiation process is de-
scribed by!'7!

H= HO + Hintv (1)
where Hj is the complete molecular Hamiltonian and

Hi,; is the interaction between radiation and matter.
In the dipole approximation, the expression of Hiy
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s8]

Hing = —pu- I, (2)
where p is the transition electric dipole moment. Ac-
cording to the CIS-DFT['®! method, the oscillator

strength f can be expressed as

8m2meao
—_— 3
ah (3)

The oscillator strength fi, depends on the ex-

9 fu = s = 3.03966 x 10 %ss.

citation energy FE, — F) and the transition electric
dipole moment )y, so the following expression can
be obtained:2%!
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3. Results and discussion

3.1. Ground state structure of the Si;O,
molecule and excitation properties
under no external electric field

Wang et al.'? have researched the IP and EA
values of the Si3O3 and SizOs molecules using an ap-
proach that combines both experiment and theory.
Anderson and Ogden,?!! and Khanna et al.*? have
investigated the SizO3 molecule using infrared anal-
ysis. However, experimental structure data on the
Si3O5 molecule are still lacking. In order to investi-
gate the properties of Si3O2 molecule, we first perform

an optimization using the B3P86 method with the cc-
pvtz basis set. The optimized structures of SigO2 and
Si3O3 molecules are given in Fig. 1 and Fig. 2 respec-
tively. The optimized bond lengths and angles of the
two molecules are listed in Table 1.

Y

I

Fig. 1. Optimized structure of the SizO2 molecule.

Fig. 2. Optimized structure of the SizO3 molecule.

Table 1. Optimized bond lengths (d/nm) and angles (£/(°)) for the ground states of the Si3O2 and SizO3

molecules.
Molecule Method d/Si1—O2 d/Sig—O2 £Si1—02-Siy Z£02-Si1—03
MP2[21] 0.167 0.167 - -
SizO2
B3P86 0.168 0.168 130.0 99.7
expt.[22] 0.17 0.17 140 100
SizO3
MPp2[21] 0.169 0.169 - -

The results show that the structure of SizOs is
similar to that of Si3O3. The Si—O bond lengths of
both molecules are about 0.17 nm and the O-Si-O
angles are about 100°. All the bands are Si-O bands
in the Si3O3 molecule but there is an Si—Si band apart
from the Si—O band in the SigO5 molecule. As is well
known, the absorption spectrum of the SiO molecule
is located in the ultraviolet region and our results
show that the spectrum of the SigO3 molecule, about
303.46 nm, exists in the ultraviolet region in the
absence of an external electric field.

On the basis of the above optimized results, the
excited properties under no action of an external
electric field are investigated using the CIS-B3P86
method. The first to the sixth excited states are cal-
culated and parameters such as the excitation wave-
length A, oscillator strength f, and transition electric
dipole moment p are listed in Table 2.

The results in Table 2 suggest that transitions
from the ground state to the second and the sixth ex-
cited state are forbidden but others are allowed, gov-
erned by the dipole transition selection rule AS =
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0. The oscillator strength f and transition electric
dipole moment p represent the electric dipole transi-
tion probabilities. The larger the oscillator strength
and transition electric dipole moment, the more the
transition probability is possible. According to Table
2, the transition from the ground state to the fourth
excited state can take place more easily than oth-

ers. Correspondingly, the wavelength of the absorp-
tion spectrum is 453.89 nm. There are another three
absorption spectra and they are at 400.18, 570.21,
473.67 nm. Our calculation accords with the obser-

(23]

vation of Zheng et al., and the PL spectrum is in

the range 330 nm—-600 nm.

Table 2. Values of excitation wavelength A\/nm, oscillator strength f, and transition electric dipole moment

obtained from the ground to excited states transition of the SioO2 molecule.

Excited states 1 2 3 4 5 6
State B, A, B, Ay Ay A,
E/eV 2.1744 2.2900 2.6175 2.7316 3.0982 3.1053
A/nm 570.21 541.42 473.67 453.89 400.18 399.27

f 0.0042 0.0000 0.0003 0.0214 0.0152 0.0000
m 0.2794 0.0000 0.0714 0.5653 0.4468 0.0000

3.2. Excitation properties of the Si;O,
molecule under different external
electric fields

The excitation properties of the molecules can be
affected by external fields. In order to investigate
the difference in excitation properties between the
two molecules, which may be a result of the oxygen-
deficient defect (Si—Si band), the excitation properties

of the SizO5 molecule under an external electric field

are also studied. The values of external electric field
F are 0.003, 0.006, 0.009, 0.012, 0.015, 0.018 a.u. and
the direction is along the x axis (Fig. 1). All the cal-
culations are performed using the CIS-B3P86 method
with the cc-pvtz basis set. Table 3 shows the values
of excitation wavelength A/nm and oscillator strength
f under an external field. Figure 3 indicates the ex-
citation energy FEj, and the transition electric dipole

moment g is shown in Fig. 4.

Table 3. Values of excitation wavelength A/nm and oscillator strength f of the SisO2 molecule under an external electric field.

Excited states

F/au. 1 2 3 4 5 6

State A’ A" A" A’ A A"
0.003 A/nm 569.85 541.34 472.76 462.82 399.55 396.21
f 0.0042 0.0000 0.0002 0.0239 0.0000 0.0032

State A’ A" A’ A" A" A"
0.006 A/nm 569.36 541.12 472.17 471.84 400.41 399.64
f 0.0043 0.0000 0.0262 0.0002 0.0029 0.0000

State A/ A" A" A’ A" A"
0.009 A/nm 563.59 537.00 470.79 460.47 404.14 397.90
f 0.0027 0.0000 0.0003 0.0257 0.0000 0.0028

State A/ A" A’ A" A" A"
0.012 A/nm 568.92 541.32 493.28 473.88 408.04 399.60
f 0.0046 0.0000 0.0296 0.0001 0.0025 0.0000
0.015 A/nm 569.14 541.78 505.32 476.93 410.86 399.18
f 0.0049 0.0000 0.0312 0.0000 0.0024 0.0000
0.018 A/nm 569.59 542.43 518.30 481.41 412.72 398.46
f 0.0053 0.0000 0.0328 0.0000 0.0022 0.0000

Note: Under different external electric fields, the electronic states of each excited state are the same, so they are just listed in

the first line.
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Fig. 3. Excitation energy Ej, of the SizO2 molecule un-
der an external electric field.
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Fig. 4. Transition electric dipole moment p of the SizOg
molecule under an external electric field.

The symmetric Si3O5 molecule turns into Cy from
C5, under an external electric field. The third and
fourth electronic states A” and A’ interchange as the
external electric field increases from 0.003 a.u. to
0.012 a.u., but they remain the same when the exter-
nal electric field increases from 0.012 a.u. to 0.018 a.u.
The electronic states of the other excited states remain
the same when the external electric field changes.

The excitation energy of the fifth excited state de-
creases gently with the increase of the external electric
field. The excitation energy of the third excited state
increases from 6.226 eV to 6.335 eV before the exter-
nal electric field reaches 0.012 a.u., then it diminishes
sharply. Although the excitation energies of the other
excited states change with external electric field in a
complex way, the trendlines change gently. In conclu-
sion, the external electric field has a small effect on
the excitation energy of the SizO5 molecule.

The transition electric dipole moments of the first
and third excited states both show dentate change
with increasing external electric field; when the lat-
ter reaches 0.012 a.u., the transition electric dipole

moment increases gradually. The curve of the first
excited state changes gently but the third changes
sharply. The transition electric dipole moment of the
fifth excited state shows the same trendline before the
external electric field reaches 0.012 a.u., but then de-
creases gradually. The transition electric dipole mo-
ment curve of the fourth excited state is contrary to
that of the third excited state. The curve of the sixth
excited state is contrary to that of the fifth excited
state. The transition electric dipole moment of the
second excited state is close to zero and it increases
slowly with increasing of external electric field.

The dentate curves of the transition electric
dipole moment g from the third and fourth excited
states change sharply, which may be related to the
change of the electronic state. The absorption spec-
trum of the third excited state intersects with the
spectrum of the fourth in the region of blue light. Our
studies on the above dentate curves indicate that the
probability of transition is related to the external elec-
tric field.

The oscillator strength f and the transition elec-
tric dipole moment pu calculated above show that the
absorption spectrum of the SizOs molecule exists in
the light region from purple to yellow. Although part
of the oscillator strength in Table 3 is equal to zero, the
transition electric dipole moment is not zero. There-
fore, all the transitions can take place in theory. Ac-
cording to the result, the main absorption spectrum
exists in the regions of green, blue, yellow and pur-
ple light in turn. The spectrum of the Si3O3 molecule
is about 320 nm!*® under an external electric field,
which mainly exists in the ultraviolet region.

Song and Baol? observed strong PL from silicon-
ion-implanted thermal SiO5 film and the PL spectrum
consists of four bands centred at about 470, 550, 630,
and 730 nm. Guo et al.l*¥ observed luminescence from
silicon-based materials and the PL spectrum peaks are
360 nm, 430 nm, and 835 nm. Zheng et al.l*3! also ob-
served luminescence from silicon-based SiOs film and
the wavelength ranges from 330 nm to 388 nm. Song
and Baol®! considered that the peaks of blue and pur-
ple light derive from oxygen-deficient defects. Our cal-
culation is on the basis of the rigid molecule model
of Si305. Although the emission spectrum can be af-
fected by other factors, our results accord with the ex-
perimental values. The excited states of SigOy could
theoretically return to the ground or second-level ex-
cited states emitting visible luminescence (except or-
ange and red light). The calculations for Si3O3 and
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Si3O4 are in perfect agreement with the experimental
data and the different properties of the two molecules
also support the oxygen-deficient defect theory.

4. Conclusions

We presented a theoretical study of the SizOs
molecule, and the geometry of the ground state and
the excited state properties under an external elec-
tric field were investigated. Despite the fact that the
geometry of SizOs is similar to Si3Og except for the
oxygen-deficient defect structure (Si-Si band) which
exists only in the SizOs cluster, the excitation prop-
The
oscillator strength f and the transition electric dipole

erties of the two molecules are very different.

moment 4 of the SigOs molecule change regularly with
increasing external electric field but those of the Si3O,
molecule change in a more complicated manner. The
absorption band of the Si3O3 molecule is enriched in
the ultraviolet region but the absorption spectrum is
widely distributed in the region of visible light except
orange and red. The differences between the Si3Oj
and Si3Os molecules support the oxygen-deficient de-
fect theory. Our results also provide a good candidate
as a model for the study of PL at the molecular level.
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