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Abstract

It has been long suggested that the =SiOH defect is an electron or “water” trap in silicon dioxide based on some
indirect evidences. In this work, quantum calculation on the capturing properties of non-bridging oxygen hole center
with unpaired electron =SiO* and hydrogen defect =SiOH in silicon oxide are performed with the ab initio density-
functional method. It was found that the =SiO- defect is an electron trap and this defect should be the responsible
candidate for better hardness against radiation for the metal-oxide-semiconductor gate oxide produced by wet oxi-
dation. We found that the =SiOH defect could not be an electron trap according to the present calculation results.

© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The reductions of gate dielectric thickness and the
channel length in metal-oxide-semiconductor (MOS)
devices have resulted in the significant increase of elec-
tric field in the dielectric film and silicon substrate and
hence the probability of electron and hole injection into
the silicon oxide is enhanced. When the injected carriers
are captured by the oxide traps, the electrical properties
of MOS devices degrade. Hence detailed understanding
of the nature of dielectric traps is crucial to improve the
device reliability and lifetime for the future nano-scale
MOS devices. There are many kinds of oxide traps and
their atomic structures had been proposed for several
decades. However, since atomic structures of these traps
cannot be investigated directly, there are still many un-
certainties about the origins and physical properties of
these traps. Over the four-decade history of silicon mi-
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croelectronics, only one trap, the Si—Si bond or oxygen
vacancy, in silicon oxide have become fully ascertained.
Si-Si bond was found to be a hole trap and to be re-
sponsible for the accumulation of positive charge during
ionizing radiation in silicon oxide [1-6]. To reduce the
positive charge accumulation in silicon oxide, compen-
sation of positive charge accumulation by negatively
charged electron traps was used [7]. This method made
use of the negatively charged “water traps” (WT) to
compensate the positive charge accumulated on Si-Si
defects. Recently, it was found that the WT can induce
degradation to the floating gate memory devices [8,9].
However, the nature of WT in silicon oxide is still un-
clear so far [10-13]. The aim of this paper is to study the
electronic structure of =SiO and =SiOH defects by
numerical simulation so as to understand the roles and
properties of these defects.

2. Experimental results

It was shown that the neutral electron traps (with
cross-section ¢ ~ 10~!7 cm? and near the surface of the
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oxide) could be created due to the water diffusion into
thermal oxide [10-13]. Infrared spectroscopy further
showed a high density of =SiOH defects near the surface
of oxide after water incorporation [12]. For these rea-
sons, the =SiOH defects were ascribed to the WT in
oxide [12]. With this connection, we conduct a system-
atic investigation on the electroluminescence of Si/SiO,/
electrolyte system with oxide prepared using several
different methods. As shown in Fig. 1, the blue cathodo-
luminescence at 2.7 and 4.4 eV photoluminescence (PL)
emission can be attributed to the triplet-singlet transi-
tions in twofold coordinated silicon atom with two un-
paired electrons (=Si:). Previous quantum calculation
on the =Si: defect was also performed with the 17-atom
Si303H¢ cluster [14]. Results show that the electron
capture in =Si: defect is energetically unfavorable. The
dicoordinated Si centre should be responsible for the
positive charge accumulation in MOS devices during
ionizing irradiation. In addition, all kinds of oxide lead
to a strong red luminescence peak at energy of 1.9 eV
(see Fig. 1). This peak was previously identified as one-
fold coordinated oxygen atom with an unpaired electron
(=SiOr) or non-bridged oxide hole center (NBOHC), or
R center [14,15]. Electron spin resonance (ESR) experi-
ments and quantum-chemical simulation [16-22] further
confirm that the 1.9 eV peak is due to =SiOr. This kind
of defects is also found in oxynitride with more com-
plicated behaviors. In oxynitride, the silicon atoms in
these defects can be randomly coordinated by different
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Fig. 1. Electroluminescence spectra of silicon oxide on Si pro-
duced by different methods: (1) anodic oxidation, (2) dry ther-
mal oxidation and wet oxidation at (3) 1050, (4) 950 and (5) 900
°C. The arrow shows the luminescence band of NBOHC
(=Si0r, 1.9 eV), dicoordinated Si center (=Si:, 2.7 eV), and
(=Si:, or/and =Si-Si= bond, 4.4 ¢V).

number of oxygen and nitrogen atoms, i.e. O3_gNgSiO-
or O;_gNgSiN- where f=0,1,2,3. As a result, a slight
difference is found in peak energy from the conventional
R-center [14]. We found from electroluminescence ex-
periments that both the density of hydrogen (=SiOH
defects) and the intensity of red luminescence increase in
wet oxide [12]. In addition, etching back experiment
indicates that both the =SiOH defects [12] and the R
centers are located near the oxide surface. However,
since the distributions of =SiOH and =SiO- defects are
the same and their densities have similar dependence on
oxidation method, =SiOH defect may not be the only
possible candidate for the “water traps” observed in
Hartstein and Young’s study [12]. Hence, it is better to
study the electronic structure of these defects using
quantum-chemical method so as to differentiate their
effects on the device properties.

3. Quantum calculation

Electronic structure of neutral =SiO- and =SiOH
defects in silicon oxide had been studied using recursion
and ab initio method [20-22]. Unfortunately the roles
(electron or hole traps) of these defects were not re-
ported in these papers. Pachioni and Ierano [22] studied
the optical properties of SiO defect in neutral state.
Charged state properties of the defects are still derived
from some indirect experimental results. Skuja [15]
found that the 1.9 eV luminescence band of =SiO- defect
could be excited at either 2.0 or 4.8 eV. The large dif-
ference (Stokes shift) between excitation (4.8 eV) and
luminescence energy (1.9 eV) is an evidence of strong
electron—phonon coupling in the oxide. Semiemprical
MINDO/3 method further confirmed that the =SiOr
defect is an electron trap [1,6]. Pantelides proposed that
the =SiOH defect is also an electron trap based on some
indirect evidences [20] and needs further confirmation.

In this work, we performed computer simulation of
the electronic structures of these two defects using
Amsterdam Density Functional (ADF) program [21]
with ab initio density functional theory (DFT). Cluster
models were used in the calculations. The fragments of
crystalline a-quartz were used and the cluster dangling
bonds were saturated with hydrogen atoms. For simu-
lating the bulk properties, cluster SisO;cH;, consisting
of 33 atoms, was used (see Fig. 2a). Cluster HyOy-
Si303Si0" was used for simulating the =SiO- defect (see
Fig. 2b). In this cluster the defect tetrahedron is termi-
nated by two additional coordination spheres. The
charge capture properties of =SiOH defect were studied
with the HySizO;SiOH cluster. This cluster contains
only one =SiOH group.

In the calculation, the Kohn-Sham molecular orbits
were constructed using Slater-type exponential basis
functions. The basis set includes a double-zeta basis with
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Fig. 2. Clusters used in simulation: (a) SiO, bulk and (b) =SiO
defect with spin distribution in neutral cluster on O 2p, non-
bonding orbital.

polarization function for all atoms. It corresponds to
basis set III in ADF terminology and all electrons were
included in valence basis. The position of all Si and O
atoms were fully optimized in all charge states at the
non-local DFT level using Becke [23] form of exchange
and Lee-Yang—Parr [24] form for correlation function.
Positions of terminal H atoms were fixed to represent
the embedding nature in solid. MNDO method (MO-
PAC 7.0 program) was used to validate the semiempiri-
cal ab initio results.

To evaluate the capability of the clusters for captur-
ing electron or hole, we calculate the bonding energy at
different charge states and find the energy gain using the
Koopman formula given below:

AE® = (Egulk + E(;ef) - (El:ulk + Egef) (1)

AE" = (Egulk + Edt:f) - (Eb+ulk +Egef) (2)

where EX . Epue Bty and ES., Egp, Ef denoted the
bonding energy of neutral, positively and negatively
charged bulk clusters and defect clusters, respec-
tively. Negative value AE® and AE" indicate the cap-

turing capability of electron and hole, respectively.
Similar approach was used to calculate the charge cap-
turing properties of Si—Si bond in silicon nitride and
good agreement with the ESR results is obtained [25].

4. Calculation results and discussion

Validity of the cluster approximation method has
received a lot of concerns. It is found experimentally
that although the short-range order of crystalline and
amorphous silicon oxide may have large variation, their
electron structure, e.g. band gap, valence band density
of states, are strikingly similar. These results suggested
the possibility of representing the “infinite solid” with
finite size of cluster in quantum calculation. Pacchinoni
and Ierano [20] found that the band gap energy calcu-
lated with the small cluster (OH);SiOSi(OH); is 8.8 eV
which is very closed to experimental band gap value. For
defect calculations, the cluster approximation is even
better because the defect wave function is strongly lo-
calized the band gap of bulk silicon oxide is large [1,20].
Hence small clusters (two Si atoms) are often used to
calculate the defect properties of =Si-Si= defects, di-
coordinated Si (=Si:) and E’ centers and good agreement
between the calculation and experimental results were
obtained [20].

Noted that the clusters (SisO;gHj, for bulk and
HyOySi303Si0" for =SiO-) used in this work are con-
sidered as large clusters in other similar studies [1,20,25].
For example, to study the double oxygen vacancy,
Pacchioni and Ierano used both small cluster (Si3OgHyg)
and large cluster (SisO;4Hj,) for quantum ca}culation.
They found that only a small difference (0.07 A) for the
Si-Si distances between these two clusters [26]. Edwards
and Fowler also found that there are only small differ-
ences between the calculated properties from the small
clusters and those of large clusters [1]. Hence the small
cluster models are still accurate enough in many cases.
Instead, large differences do find in the different com-
putational methods. Recent developed ab initio calcu-
lation based on Hartree-Fock method has significantly
improved the accuracy of the calculation [26]. Hence our
qualitative results based on this method should be reli-
able. Our results show that the unpaired electron in the
neutral =SiO* defect is localized on the oxygen O 2p,
orbital (see Fig. 2). The energy level of this defect is near
the top of oxide valence band. Similar conclusion was
obtained by recursion, MINDOY/3 and ab initio methods
[1,6,21,22]. This result agrees with the experimental ob-
servation that the =SiO- defects are paramagnetic [18].
In addition, simulation results also show that the cap-
ture of electron in =SiO- defect is energetically favour-
able. The energy gain of an electron capture on =SiO
defect is 3.9 eV (from DFT calculation) or 3.2 ¢V (from
MNDO calculation). Our calculations further show that
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hole capture on =SiO- is energetically unfavourable
(AE" is negative). Thus the =SiO defect in oxide should
be an electron trap only. The electron captured on the
neutral paramagnetic =SiO- defect is also localized on
the oxygen unpaired O 2p, orbital. Localization of the
second electron results in the zero spin of the system
according to following the reaction:

=SiO" + e — =SiO: 3)

According to the simulation, electron capturing results
in the oxygen atom shifts to silicon atom by 0.08 A and
the charge change on the oxygen atom after the electron
localization in clusters HyOySi;O3SiO" is 0.47e. It im-
plies that the captured electron is localized mostly on the
onefold coordinated oxygen atom. The electron trap
with energy of 2.4-2.5 eV in wet oxide [27] is probably
due to this kind of traps. Since the value of capture
cross-section (¢) of WT is about 1077 c¢cm? [8], their
corresponding effective trap radius (R = \/o/m) is about
0.2 A. This value qualitatively agrees with the highly
localized character of non-bonding O 2p, wave function.

For =SiOH defect, our calculation, with the
HySi;0;SiOH cluster, shows that neither electron nor
hole capturing is energetically favourable (both AE" and
AE* are negative). It indicates that the =SiOH defect in
silicon oxide should not be a trap under normal device
operation condition. However, the hydrogen bond may
be broken at high electric field stress or after hot-carrier
irradiation and become a trap center [14].

Our further concern is the possible mechanism for the
creation of =SiO- defects. The creation of =SiO- defects
can be a result of =SiOH defects decomposition. The
=SiOH defect may be formed when water diffuses into
the silicon oxide, i.e.,

SiO, + H,0 — =SiOH 4)

The =SiOH defect may then be broken into =SiO- ac-
cording to the following reaction [16]

=SiOH — =SiO" + H (5)

It was shown that the amount of WT can be reduced by
annealing of the water contained oxide in hydrogen
[10,11]. This effect can be explained with the recombi-
nation of =SiO" defect with hydrogen.

With 7.9 eV photon illumination, Nishikawa et al.
[28] found with ESR that the generated =SiO- defect
density in the fused silicon oxide is only 5 x 10! cm?.
This amount is significantly lower than the =SiOH de-
fect density (4 x 10" cm?) before photon illumination.
This observation can be explained as follow. The gen-
erated electrons during the irradiation can charge =SiO*
defects. As a result, some of the =SiO- defects may
transfer into the non-paramagnetic state (=SiO:) and
cannot be detected with ESR.

5. Conclusions

In conclusion, we have studied the =SiO- and =SiOH
defects in different charged states using the ab initio
DFT quantum chemical simulation. According to sim-
ulation results, the =SiO- defect in silicon oxide is an
electron trap. It suggests that the experimentally ob-
served oxide “water trap” is due to the =SiO- defect
rather than the =SiOH defect as the =SiOH defect
cannot capture any charge carriers without breaking the
chemical bond in this defect. The defect centers in silicon
oxide are often studied indirectly with the electrical
measurements and the real origins and properties of the
dielectric traps are often derived more or less based on
some hypotheses or some kinds of reasoning. Quantum
chemical simulation is a good approach to verify and to
confirm the hypotheses.
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