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Origin of P;; center at Si0,/Si(100) interface: First-principles calculations
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Based on first-principles calculations, we studied the generation behavior of P;, centers at SiO,/Si interfaces,
especially for P, centers, under oxidation of Si(100) surfaces. P;; centers were found to be formed through
successive O bridge-bond formation in oxidation processes. P,; centers are generated first after P, center
generation, but both types of P, center can exist simultaneously at the same SiO,/Si interface. The atomic and
electronic structures of P, centers agree with both the theoretically and the experimentally approved hyperfine
structures, and the energy levels of gap states at P, centers correspond well with the experimental observations.
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With the advent of Si LSI technology, control of the
Si0,/Si(100) interface at the atomic level has become a key
issue in the formation of further integrated metal-oxide-
semiconductor (MOS) devices.!? The electrical device char-
acteristics have, however, suffered from intrinsic defects at
Si0,/Si(100) interfaces.? These intrinsic defects are increas-
ingly important since atomic-layer Si oxide is indispensable
even under high-k dielectrics. Unsaturated dangling bonds
(DB), referred to as P, defects, are constantly generated at
the interfaces between SiO, and the Si substrate from the
early stage of oxidation.* This behavior is well detected by
ESR techniques.’ For P, centers at the SiO,/Si(100) inter-
face, P,y and P,; have been clearly distinguished and are
observed simultaneously.® The P, center has a microscopic
character with an isolated sp® DB pointing into the (111)
direction, while the P,; center has an isolated DB pointing
into (211) direction. Both types of P, center have been iden-
tified as a 'Si=Si; with no O atom in the Si back bonds as a
result of good agreement between experimentally observed
and theoretically proposed hyperfine interactions.”® Through
extensive theoretical studies on the early stage of Si(100)
oxidation with over 100 oxidized configurations, we have
clearly explained the P, center generation mechanism and
have proposed overall structures including trimers.® On the
other hand, although the model structure of the P, center
and its hyperfine interactions were characterized and agree
well with experimental results,” why such a strange structure
of P, centers can be generated and why it stably exists in
contrast to a plausible structure of P, centers are not well
understood. It is also not clear why P, centers have no O
atom in the back bonds and whether or not both P, and P,
centers exist stably at the same SiO,/Si(100) interface layer.

The aims of the present paper are to propose the atomic
processes of P,; center generation and to elucidate the elec-
tronic structures of P, centers in Si(100) oxidation through
first-principles theoretical calculations. To create a more fa-
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vorable situation for analysis, we used an oxidized Si(100)
surface, which is realized mostly by adding O atoms between
Si DBs on topmost surfaces and between Si bond-centers on
a clean Si(100) surface.” Our calculations are based on den-
sity functional theory (DFT) and generalized gradient ap-
proximation (GGA) to describe oxygen properties properly. '’
The calculations are performed using ultrasoft pseudo-
potentials'' for O and H atoms with 1 k to 4 k points for
Brillouin zone samplings. We found that the cutoff energies
of 25 Ry for the wave functions and 144 Ry for the aug-
mented electron densities are sufficient for converging ener-
gies. All the calculations were performed with a repeated
slab modified from a (2 X 6) surface unit cell, consisting of
14 layers of Si atoms and a vacuum spacing with the same
thickness. Inversion symmetry with respect to the slab center
located at an Si bond center is used to increase the compu-
tational efficiency. The hyperfine axis was evaluated for
Si;5(0,)Hy structures with all-electron calculations.?

Before going into the calculations, we will look into
Si0,/Si(100) interface structures'®!'* involving P, centers.
As oxidation of Si(100) progresses from the topmost surface
with O, dissociation,'®> volume expansion of SiO, occurs,
generating strong internal stresses accordingly. These
stresses, in some cases, make the second-neighbor atoms
come closer. First, we consider the stage where substantial Si
layers are oxidized, as shown in the (110) cross-sectional
view of Fig. 1(a). When both Si bonds of Si(3)-Si(1) and of
Si(2)-Si(5) are oxidized as Si(3)-O-Si(1)-Si(4)-Si(2)-O-Si(5),
Si(1) and Si(2) inevitably come closer to each other.'® In-
deed, as shown in Fig. 1(b), another O atom was theoreti-
cally proven to form a bridge bond between Si(1) and Si(2)
as Si(3)-O-Si(1)-0-Si(2)-0O-Si(5) rather than falling into a
tight Si bond center.” We hereafter denote the O atom in the
bridge bond as BBO.

Figure 2 illustrates typical BBO formation processes in

the (110) cross-sectional view with 90° rotation about the
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FIG. 1. SiO,/Si(100) interfaces in the (110) cross section (a)
with an atomically flat normal structure, (b) with bridge-bond oxi-
dation of structure (a). Dark circles represent O atoms, and bright
circles represent Si atoms.

interface normal. Figure 2(a) corresponds to the oxidation
advancing stage where the SiO,/Si(100) interface is atomi-
cally flat.! Here, we present a scenario to account for those
experimentally and theoretically proven aspects of P, cen-
ters, where P, and P, are generated corresponding to loca-
tions of BBO formation. When the BBOs shown in Fig. 1(b)
are formed alternately at every second site in the next-layer
oxidation stage Si(1), Si(3), and Si(5) shown in Fig. 2(b)
may be emitted as interstitial Si atoms. Then, Si trimers of
Si(2)-Si(7)-Si(8) and of S(4)-Si(9)-Si(10) are formed to re-
duce generated DBs below the oxidized sites. Both sides of
one trimer row generate P, centers.” On the other hand,
when O atoms form bridge bonds alternately for the most
part, but occasionally at two adjacent sites, as shown in Fig.
2(c), the Si(2), Si(3), Si(5), and Si(6’) may be emitted as an
interstitial Si atom. Then, an Si dimer is formed by shifting
Si(8) left toward Si(7), and Si trimers of Si(4)-Si(9)-Si(10)

Sio,

0 Si substrate

Si0,

FIG. 2. Si0,/Si(100) interfaces in the (110) cross section (a)
with an atomically flat normal structure, (b) with P, defects gen-
erated at both sides by alternate bridge-bond oxidation of structure
(a), and (c) with PZ and P, defects generated on both sides by
almost alternate but two-adjacent bridge-bond oxidation of structure
(a). Dark circles represent O atoms, and bright circles represent Si
atoms.
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FIG. 3. (Color) SiO,/Si(100) interfaces in the (110) cross sec-
tion for the early stage oxidation (a) where P, defects are gener-
ated by alternate bridge-bond oxidation, (b) where PZ and Py, de-
fects are generated by almost alternate but two-adjacent bridge-
bond oxidation for the structure (a), and (c) where lateral oxidation
continues for structure (b). White balls represent O atoms. Red and
blue balls represent Si atoms. Blue isosurfaces represent DBs at P,
and Py, centers. (d) Possible oxidation sites (A), (B), (C), (D), and
(E) around PZ for structure (b).

and of Si(6)-Si(11)-Si(12) are formed, reducing excess en-
ergy associated with DBs below the oxidized sites. The right
side generates a P, center, but the left side forming a dimer
bond generates a new P, center. This is the principal mecha-
nism of new P, generation at the SiO,/Si(100) interface,
being clearly distinguished from P, center generation. The
structure of this P, center corresponds well with the Dimer
model previously proposed for a P,; center,*!7 but this
model failed to account for the experimentally observed hy-
perfine axis orientation. The asymmetrically oxidized dimer
(AOD) model recently proposed for a P,, center,” on the
other hand, satisfies the overall hyperfine parameters well.
The orientation of the DB axis for the AOD model is much
closer to the experimental observations compared with the
Dimer model, because site (D) denoted in Fig. 3(d) is oxi-
dized, while oxidation does not occur at the P, back bonds.
This idea leads us to ask why site (D) can be oxidized with-
out oxidation at the P,; back bonds.

In the early stages of oxidation on Si(100) surfaces, the
oxidized structure reflects surface dimer rows running along

the [110] axis. Figure 3(a) shows a calculated Si(100) struc-
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ture oxidized one monolayer. We denote here that one mono-
layer oxidation includes back-bond oxidation of the topmost
Si atoms. O atoms are placed in Si-Si bonds successively
from the topmost surface to deeper regions, and the oxidized
structure is relaxed accordingly to realize the most stable
structure.” The surface dimer-row structures promote alter-
nate BBO formation, as compared with the oxidation at
atomically flat Si0,/Si(100) interfaces as explained in Fig.
2(b). At the back-bond oxidation stage as shown in Fig. 3(a),
bridge-bond oxidation occurs alternately at every second
site. Only one trimer of Si(4)-Si(9)-Si(10) was formed be-
cause of a relatively small (2 X 6) unit cell after emission of
Si(3) and Si(5) below the oxidized sites, as found in our
previous work.” P, centers are generated first on both sides
in the fourth layer after 1 monolayer oxidation. As O atoms
form bridge bonds alternately for the most part, but occa-
sionally at two adjacent sites as shown in Fig. 3(b), Si(2),
which is located deeper than Si(3) and Si(5), is emitted as an
interstitial Si atom. Then, a new P, center is formed on the
left side with the same mechanism as described for Fig. 2(c).
Here, we named it as P, . The new P, is thus generated first
after P center generation even in the initial stage of oxida-
tion, corresponding well with observations by ESR
measurement.'® The energy gain by forming one dimer and
one trimer is a negative value of —0.32 eV. This is because
the dimer and trimer formation gains energy, but more en-
ergy is lost from breaking the weak bonds of Si(8)-Si(9) and
Si(10)-Si(11). The energy gain, however, turned out be a
positive value, as more than two trimers are lined up along
the [110] axis. It increases to a maximum value of 0.49 eV/
trimer.” The distance between Py and Pb* centers will be,
therefore, much greater in reality. The orientation of the DB
axis in this Pb* center from the interface normal is, however,
19°, being much smaller than the experimentally observed
hyperfine axis which is 32.3° from the interface normal.®
When we compare the energy of Pb* and P, centers with the
same number of Si and O atoms, the energy cost for Pb*
generation is 1.8 eV higher than that for P, generation. This
is presumably due to internal strains generated by atomically
nonuniform SiO,/Si(100) interfaces. This structure is poten-
tially generated but with a low probability. The other sites
may be oxidized before P,  generation.

Hence, we explored the other possible oxidation sites (A),
(B), (C), (D), and (E) around the P, center, as shown in Fig.
3(d). Bonds above Si(1) and its inside Si(1”) atoms were
oxidized beforehand, as shown in Fig. 3(c). If oxidation at
(D) is favored over oxidation at (E), the orientation of the
DB axis in the P, center will come closer to the experimen-
tally observed hyperfine axis orientation as of the AOD
model.” The energy gains from oxidation at the (A), (B), (C),
(D), and (E) sites were calculated to be 7.49, 7.51, 7.09,
5.81, and 6.88 eV, respectively. The oxidation at (C) will
lead to elongation of the bond between Si(7) and Si(8), shift-
ing Si(8) toward Si(9). This shift forms a weak bond between
Si(8) and Si(9), resulting in P, destruction. Therefore, oxi-
dation at (C) can be neglected in this argument. For (D) and
(E), the energy gains were averaged over (D)1 and (D)2, and
over (E)1 and (E)2, respectively. The energy gain from oxi-
dation at (D) for the (A) and (B) preoxidized structure is
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FIG. 4. Schematic densities of states in the vicinity of the Si
band gap. Gap states corresponding to P, and Pj; centers are de-
noted by E; and E;.

increased merely up to 6.22 eV, still lower than the energy
gain from oxidation at (E). Preferential oxidation at (D) does
not occur in this situation. The energy gain from oxidation at
(E) does not change even if O atoms are placed from the
topmost surface in a layer-by-layer manner.

Then, we continued the lateral oxidation in a layer-by-
layer manner, forming an energetically stable structure.” The
back bonds of Si(1) and its inside Si(1”) atoms were fully
oxidized. The bonds above Si(6) and its inside Si(6”) atoms
were also oxidized, as shown in Fig. 3(c). Then, site (D) in
Fig. 3(d) is oxidized in this structure, as displayed in Fig.
3(c). The oxidation energy gain at (D) is increased up to
7.54 eV [larger than at (E)] because of local strain energy
release at the back bonds of the Si(1”) atom at the inside
location of the Si(1) atom. This structure exists stably, being
geometrically close to the possible structure AOD for Py,.”
The orientation of the DB axis in this P,; center from the
interface normal is 26° while the orientation of the possible
structure AOD is 33°. The discrepancy from the experimen-
tally observed value of 32.3° is primarily due to large stress
in the vicinity of P, in a small (2X6) unit cell. Si atoms

below the P, center are constrained along the [110] direc-
tion because of the small unit cell along the [110] direction.
In addition, we cannot neglect the possible existence of Pb*
with a lower orientation axis as shown in Fig. 3(b) at
Si0,/Si(100) interfaces. In this way, we prove that both Py,
and P,; can simultaneously exist at the same SiO,/Si(100)
interface. As oxidation progresses further, the oxide thick-
ness deviation will be reduced, and the difference in energy
cost between the alternate BBO generation and the succes-
sive BBO generation will be reduced. Then, the generation
probability of the P, center will be increased.

Now, we examine the electronic structures of P, centers.
The densities of states in the vicinity of the Si band gap are
schematically shown in Fig. 4. Gap states corresponding to
P, at Si(8) and P,; at Si(11) are denoted by E, and E,.

Since the structure still has dispersion along the [110] axis
because of the relatively small (2 X 6) unit cell, the calcula-

tions were sampled over 4 k points along the [110] axis. To
avoid the mutual hybridization, either Si(11) or Si(8) was
terminated by an H atom for P, and P, center evaluation,
respectively. Then, E;, and E; were estimated to be
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0.07£0.02 and 0.36+0.10 eV from the top of the valence
band, and both levels lie lower than the midgap of the Si
band gap. Those electronic structures correspond well to the
experimentally observed +/0 levels."”

The highest occupied states (less than 0.2 eV below the
Fermi level) and the lowest unoccupied states (less than
0.2 eV above the Fermi level) are displayed by blue isosur-
faces in Figs. 3(b) and 3(c). Si(8) and Si(11) maintain a weak
interaction because of the relatively short distance of 1.2 nm.
Corresponding to the energy levels of P, and P,,, the domi-
nantly occupied P, denoted by the blue isosurface on the
right side looks similar to an sp? orbital, while the unoccu-
pied P;; denoted by the blue isosurface on the left side looks
closer to a higher p orbital rather than a lower sp? orbital. In
contrast, the highest occupied states (less than 0.2 eV below
the Fermi level) denoted with blue isosurfaces in Fig. 3(a)
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are divided almost evenly between the two P, centers.

In summary, we presented generation mechanisms for P,
centers, especially for the P, center, which agree well with
the atomic and electronic structures of P, centers reported by
theoretical and experimental studies. The P, center appears
first and the P,; center appears later, agreeing with experi-
mental observation. We proved that the Pj; center is gener-
ated without any O atom in the back bonds, and that both the
P,y and P, centers exist simultaneously at the same Si/SiO,
interface. The energy level of the P, center is slightly higher
than that of the P, center, corresponding well with the ex-
perimental observation.
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