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Electronic structures of Hg-doped anatase TiO,
with different O vacancy concentrations
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The electronic structures of Hg-doped anatase TiO, with different O vacancy concentrations were calculated using the
first-principles based on the density functional theory. The calculated results show that the forbidden band widths of Hg-
doped anatase TiO, widened along with the increase of O vacancy concentration, which is responsible for the blue shift in
the absorption edges. It can be deduced from the present study that the Hg-doped TiO, samples prepared in the experimental

research contain a certain quantity of O vacancies.
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1. Introduction

TiO; has been widely investigated for its poten-
tial applications in the fields of solar energy con-
version, environmental cleaning, and planar wave-
guides [1-3]. In order to improve the performance
of TiO,, it is necessary to introduce active ions
into the lattice of TiO,. For example, P doping
can slow down the growth of anatase particles
and increase the anatase-to-rutile phase transfor-
mation temperature to more than 900 °C, which
results in the higher photocatalytic activity for the
degradation of 4-chlorophenol [4]; S doping can
make a clear reduction in the band gap energy of
S-doped TiO, photoanode compared to the band
gap value for P25 and leads to a conversion effi-
ciency of 6.91 % for the dye-sensitized solar cells
which is 24 % higher than that of the undoped so-
lar cells [5]; Al- and V-doping can increase the re-
sistance of TiO, nanofilms upon to the exposure
of hydrogen-containing atmosphere and show good
sensitivity at both room temperature and evaluated
temperatures [6].

To understand the property changes resulted
from the active ions doping, many theoretical cal-
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culations have been carried out using the first-
principles based on density functional theory. The-
oretical calculations indicate that the strong hy-
bridization of Ti 3d states with W 5d states is the
dominating factor to cause the shift in Fermi level
into conduction band which results in the mini-
mum resistivity of W-doped anatase TiO, [7]. First-
principles calculations also confirm the formation
of Ti 3d gap states when N concentration exceeds
1 at % in the N-doped TiO,, which leads to the
pinging of N 2p states in the band gap [8]. The
origin of the visible-light activity of TiO, doped
with carbonate species was studied using the plane-
wave-based pseudopotential density functional the-
ory calculations [9]. The results show that the car-
bonate species doped TiO, exhibits excellent ab-
sorption in the visible-light region of 400 nm to
800 nm, which is in good agreement with experi-
mental observations.

Recently, Hg ions were successfully introduced
into TiO; thin films and the samples showed dif-
ferent optical properties compared with the un-
doped ones [10, 11]. The structure and semicon-
ducting properties of TiO, films were strongly
modified by the Hg impurities. It was found that
the optical band gap of Hg-doped anatase TiO; be-
came narrower with the annealing temperature in-
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crease. This phenomenon, the authors ascribed to
the change in the film density and the increase in
grain size but did not give any theoretical analysis.
Therefore, the electronic structures of Hg-doped
anatase TiO;, with different O vacancy concentra-
tion were calculated using the first-principles based
on the density functional theory to explain the op-
tical results obtained in the experimental research
and the calculated results were discussed.

2. Computational details

The Hg-doped TiO, annealed at 400 °C
to 800 °C is in anatase phase and the Hg
doping concentration is kept as constant of
Hg:(Hg + Ti) =5 % [10]. So, a 108 atoms 3 x 3 x 1
anatase TiO; supercell was selected to perform the
calculations, as shown in Fig. 1. For construct-
ing Hg-doped anatase TiO, (Hg—TiO;) with differ-
ent O vacancy concentrations, the Ti atom marked
as “A” was substituted by a Hg atom, then the
O atoms marked as “O1”, “02”, “O3”, and “04”
were deleted one by one to form Hg-TiO, with
one O vacancy (Hg/10,-TiO,) [12], two O vacan-
cies (Hg/20,-Ti0O,), three O vacancies (Hg/30,—
TiO,), and four O vacancies (Hg/40,-TiO,), re-
spectively.

First-principles calculations were carried out
within the generalized gradient approximation us-
ing the Perdew-Burke-Ernzerhof exchange cor-
relation potential. The code is implemented in
the CASTEP [13]. The valence atomic configura-
tions are 2s52p° for O, 3523 p®3d%4s® for Ti, and
5d'%6s? for Hg. An energy cutoff of 300 eV and a
Monkhorst-Pack k-mesh of 2 x 2 x 2 is used. All of
the structures were allowed to relax with a conver-
gence threshold for the maximum energy change of
2.0 x 1073 eV/atom, and the maximum force, max-
imum stress and displacement tolerances were set
as 0.05 eV/A, 0.1 GPa, and 0.002 A, respectively.

After structural optimization, the electronic en-
ergy band structures, the partial density of states
(PDOS), and the absorption spectra of the Hg-
doped anatase TiO, with different O vacancy con-
centrations were calculated.

Fig. 1. Structural model of the anatase TiO,.

3. Results and discussion

In a previous work, we have shown the calcu-
lated results of Hg-TiO, and Hg/10,-TiO, [12].
For contrast, some results were cited herein.

Firstly, the volumes of the supercells and the
net charges of Hg were calculated for the series of
Hg-doped TiO, with different O vacancy concen-
tration, as shown in Table 1.

From Table 1 it can be seen that the volume
of the supercell becomes larger along with the in-
crease in O vacancy concentration. That is to say,
although the total number of atoms in the supercell
decreases, the volume of the supercell increases.
The reasons can be ascribed to the following: 1) the
incorporation of Hg into anatase TiO, increases the
strain [10], the strain releasing during the structural
relaxation increases the volume of the supercell;
2) the increase of O vacancy concentration further
adds more local strain to the supercell, the releas-
ing of the additional strain increases the volume of
the supercell.

The net charges of Hg decrease with the in-
crease in the O vacancy concentration. This phe-
nomenon is easy to understand. As there are less O
atoms in the supercell when the O vacancy concen-
tration increases, the Hg will lose less electrons be-
cause less O will attract less electrons. Therefore,
the net charge of Hg becomes smaller when the O
vacancy concentration increases.
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Table 1. Volumes and Hg charges.

Hg/10,-TiO, [12] Hg/20,-TiO, Hg/30,-TiO, Hg/40,~TiO,

1306.24 A3
1.55¢

Volume
Charge

1319.19 A3
1.02e

1342.19 A3
095¢

1330.55 A3
1.00e

3.1.

The band structures near the Fermi energy level
of the Hg/(1 — 4)O,~TiO; are shown in Fig. 2. The
energy zero point was set as the highest level filled
up by the electrons.

Structures of energy band

From Fig. 2 it can be seen that the forbid-
den band width of the Hg-doped TiO, becomes
larger with the increase in the O vacancy concen-
tration. There is only one impurity energy level
about 0.18 eV above the valence band maximum
(VBM) in the Hg/10,~TiO;,. For the Hg/20,—
TiO,, the single doping energy level exists at the
position of about 1.2 eV above the VBM. While
for the Hg/30,~TiO; and Hg/40,-TiO,, the high-
est energy level filled up by the electrons incorpo-
rates into the conduction band minimum (CBM), it
means the semiconductor properties of the doping
systems are changed. There is also a single dop-
ing energy level that appears between the VBM
and CBM both in the Hg/30,-TiO; (about 1.17 eV
above the VBM) and in the Hg/40,~TiO, (about
1.11 eV above the VBM).

The enlargement of the energy band gap will
result in the blue shift of the optical absorption
edges. Then, from the calculated results it can be
deduced that the absorption edges of the Hg-doped
anatase TiO, will show more and more blue shift
with the increase of the O vacancy concentration,
which will be identified by the absorption spectral
calculations.

Mechiakh et al. [10] have reported that when
Hg-doped TiO, was annealed from 400 °C to
800 °C, the structure was completely anatase
phase. As the authors kept the Hg doping con-
centration at a constant value of 5 %, the opti-
cal band gaps for the Hg-doped anatase TiO, an-
nealed at 800 °C, 600 °C, and 400 °C are 3.46 eV,
3.51 eV, and 3.57 eV, respectively. That is to say,
lower annealing temperature will increase the op-

tical band gap of the Hg-doped TiO,. From the
fact that the calculated band gaps of the Hg/10,—
TiO,, Hg/20,~TiO,, Hg/30,-TiO;, and Hg/40,—
TiO, are 2.32 eV, 2.39 eV, 2.47 €V, and 2.61 eV,
respectively, it is obvious that the band gaps in-
crease with the increase of O vacancy concentra-
tion. The experimental results and the calculated
results have the same tendency. As we know, TiO;
is an n-type semiconductor with intrinsic O defects.
From the present calculated results and considering
that the annealing process was carried out at ambi-
ent atmosphere [10], it can be deduced that the Hg-
doped anatase TiO; thin films, prepared in the ex-
periment, contain a certain number of O vacancies
whose concentration will decrease with the anneal-
ing temperature rise.

3.2. Partial density of states

In order to analyze the components of the dop-
ing energy levels in the Hg-doped anatase TiO;
with different O concentration, the electronic par-
tial density of states (PDOS) near the energy zero
point was calculated, as shown in Fig. 3.

From Fig. 3 it can be seen that the PDOS spec-
tra are very different. The doping energy level in
Hg/10,-TiO, is mainly caused by the contribu-
tions of Hg 5d and O 2p orbitals. For the Hg/20,—
TiO,, it is obvious that the impurity energy level
comes from the hybridization of Hg 6s and O 2p or-
bital. For Hg/30,~TiO,, the impurity energy level
between the VBM and CBM is composed of hy-
bridized Hg 6s and O 2p orbital, another doping
energy level, lying in the conduction band, results
from the contributions of Ti 3d electron. For the
Hg/40,-TiO,, its impurity energy levels are simi-
lar to the Hg/30,~TiO,, but the relative positions
of the impurity energy levels are different.



96 S.K. ZHENG et al.

(a) Hg/10,-TiO, (a) Hg/10,-TiO, —o02p

N ol
/

Eg=2.32 eV

Energy (eV)
PDOS (electrons/eV)

4 10
(b) Hg/20,-TiO, (b) Hg/20,-TiO, —o2p
e Ti3d
2 s [ i Hg 6s
= ——— — 1 o ---—Hg 5d
N < I
0 E=239eV S 1
< |/ 2 n
S S 1 j
@ = [
= 3 Pl
> @
4 <
& KA
& 2 4
a
a
2
0 N
-8 - 0 2 4
Energy (eV)
4 10
(c) Hg/30 -TiO, (c) Hg/(?.Ov-TiO2 ——02p
Y Ti3d
24 i Hg 65
— ——Hg 50
>
= o
0 2
3 S
e E =2.47 eV 5
> Kl
2 - A
5]
%
& 8
a
- = T
8 -6 2 0 2 4
Energy (eV)
4 10 -
(d) Hg40,-TiO, J/\1 (d) Hg/40-TiO, 02
1R S Ti3d
24 i
| Hg 6s
_ — Hg 50
>
2
s 2
3 s
> 3
3 2
g A
o 8
=}
a
T = T
2 0 2 4

Energy (eV)

Fig. 2. Structures of energy band of the Hg/10,— Fig. 3. PDOS of the Hg/10,-TiO, [12] (a),
TiO, [12] (a), Hg/20,-TiO; (b), Hg/30,~TiO, Hg/20,-TiO; (b), Hg/30,-TiO; (c), Hg/40,—
(c), Hg/40,~TiO; (d). TiO, (d).
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3.3. Absorption spectra

The absorption spectra of the Hg/(1 — 4)O,—
TiO, are shown in Fig. 4. It is very clear that all
of the doped systems show blue shift in the vio-
let light region. The degree of blue shift becomes
larger with the increase of the O vacancy concen-
tration. This is in agreement with the calculated re-
sults of the band gaps. In the visible light region,
both Hg/30,-TiO, and Hg/40,~TiO, show signif-
icant absorption ability, which is possibly due to
the impurity energy level between the VBM and
the CBM.
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Fig. 4. Absorption spectra of the Hg-doped anatase
TiO, with different O vacancies.

4. Conclusion

The energy band structures, electronic partial
density of states, absorption spectra of Hg-doped
anatase TiO, with different O vacancy concen-
trations were calculated using the first-principles
based on the density functional theory. The results
indicate that the band gaps become larger with
the increase in the O vacancy concentration. For
Hg/10,~TiO, and Hg/20,~TiO,, only one impu-
rity energy level appears between the VBM and
CBM. While for Hg/30,-TiO, and Hg/40,~TiO,,
both of them have two impurity energy levels. The
absorption spectra show larger blue shift with the

increase of O vacancy concentration. The results
provide a proof for the existence of O vacancy in
the Hg-doped TiO; samples prepared in the exper-
imental research.
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