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First-principle calculations have been performed to investigate the electronic structure and optical properties of ZnO co-

doped with Nb and Ta. The three doping structures are set to:

Zn0.9375Nbo0.06250, Zno.9375Tao.0s2s0  and

Zno.875sNbo.os25 Tao.06250. The experiments show that co-doping with Nb and Ta narrows the band gap. And it causes the
Fermi level to shift upwards and enter the conduction band, while enhancing the conductivity of the doped system. In
addition, it has been determined that the dielectric imaginary part of the dopant system is larger than that of the pure
ZnO in the low energy region. The absorption side of the dopant system, on the other hand, exhibits a redshift.
Furthermore, the transmittance of the ultraviolet region is significantly increased, and the function loss spectrum appears
to redshift. This will provide a good theoretical basis for the study and the applications of photoelectric materials co-

doped with Nb and Ta.
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1. INTRODUCTION

In recent years, ZnO has attracted the attention of
researchers, becoming another research hotspot, due to its
superior properties as a short wavelength semiconductor
material. ZnO, a direct bandgap semiconductor material of
I1-VI, has an energy gap width of 3.37 eV at room
temperature and an exciton binding energy of up to 60
meV [1, 2]. In addition to its stable chemical properties
and excellent photoelectric properties [3], ZnO also
exhibits a direct band gap, large exciton binding energy,
and controllable defects energy level; as a result, ZnO-
based semiconductors are recognized as a very promising
photonic material in the ultraviolet (UV) and visible
regions [4, 5]. Because of these superior properties, ZnO
has a number of applications in various fields, including
transparent conductor films, solar cells, varistors, gas
sensors, photo- and electro-luminescent  devices,
piezoelectric devices, photoconductors, thermoelectric
devices, scintillation and UV sensors [6—12].

Currently, studies have focused on aspects of ZnO’s
applications as thin film coatings on photovoltaic devices.
Studies have been performed to modify the optical
properties of ZnO by doping different kinds of elements, at
different proportions. For example, it has been
demonstrated by Khan et al. that the optical absorption
spectra for Zr-doped ZnO nanoparticles lies within the
visible region [13]. Likewise, another study [14] has
determined that the electronic structure and ferromagnetic
stability of Cu-doped ZnO have changed significantly after
doping. Furthermore, other studies have found that
replacing the Zn atom with Ag or Eu in the ZnO unit cell
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allows for the tuning of its luminescence [15-17]. In
addition, the metal element co-doped ZnO will have a
significant impact on the nature of the change. Al-Na co-
doped ZnO can improve dopant solubility, tailor the band
structure of the matrix, and influence the formation of
defects due to the charge compensations [18]. On the other
hand, Al-Ga co-doped ZnO has shown better durability
against humidity, when compared to Al-doped ZnO [19],
while Ni and Li co-doped ZnO has shown a significantly
enhanced ferromagnetism [20]. Therefore, due to the
significant effects of doping on ZnO, the doping process of
ZnO with various types of elements has been of major
interest to researchers, both in the theoretical and
experimental fields. This will, subsequently, allow for a
more comprehensive understanding of the different
changes in electronic structure and optical properties
following the doping process of ZnO.

As VB family elements, V, Nb and Ta exhibit the most
stable oxidation state, X +5 (X =V, Nb or Ta), in natural
environments. Thus, as multi-electron donors, V, Nb, and
Ta are capable of improving the electrical conductivity of
ZnO-based semiconductors, thereby altering their structure
and optical properties. According to previous studies [21—
27], good electrical conductivity and high levels of
absorption in the visible light range have been observed in
both V- and Nb-doped ZnO. Despite the extensive number
of studies performed on ZnO-based semiconductors,
researches on Nb- and Ta-doped ZnO are still very limited.
Therefore, due to the nature of Nb and Ta, the fact that the
electronic structure and the optical properties of ZnO are
altered after being doped by the two elements, should not
be neglected. The following study will, therefore, explore
this change.

In this study, ZnO represents the matrix, while Nb and
Ta are selected as the doping atoms. The first-principles
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ultrasoft pseudopotential is, then, applied to compare the
changes in the band structure and optical properties of the
crystals before and after Nb- and Ta-doping of ZnO.
Analysis of the intrinsic causes of this study is then
performed, while the results obtained from the analysis can
provide a theoretical reference for subsequent researches
that are to be performed on ZnO.

2. MODEL AND COMPUTIONAL METHODS

Density function theory (DFT) calculation was
performed within the generalized gradient approximation
(GGA), with the correction of Perdew-Burke-Ernzerhof
(PBE) to account for the exchange-correction potential as
employed in the software of Cambridge Sequential Total
Energy Package (CASTEP) Code of Materials Studio, and
used the method of plane-wave pseudopotentials [28, 29].
In addition, the Materials Visualizer was employed to build
the ZnO model.

The ideal structure of ZnO exhibits a hexagonal
wurtzite crystal structure with the corresponding space
group symmetry of P63mc, with the primitive cell
parameters  listed as follows: a=b=0.3249 nm,
€ =0.5204 nm, o= =90° and y =120° [30]. Based on
the primitive cell, a 2x2x2 ZnO supercell was
constructed as the model of the ZnO. Fig. 1 a and b shows
a Nb-doped ZnO (ZnO:Al), which corresponds to
Zno.9375Nbo.06250, with one Nb atom substituting one of the
Zn atoms. Figure 1(c), on the other hand, shows a Ta-
doped ZnO (ZnO:Ta) which  corresponds to
Zno.9375Nbo 06250, Where one Nb atom substitutes one Zn
atom. Likewise, Fig. 1 d represents the model of ZnO co-
doped with Nb and Ta (ZnO:Nb-Ta) which corresponds to
Znos75NDo 0625 TA0.06250, in which one Nb atom substitutes
one Zn atom, and one Ta atom substitutes another one of
the Zn atoms.

In addition, ultrasoft pseudopotentials are used to
replace the nuclei. The electronic valance configurations
for each of the atomic species were denoted as: Zn-
3d104s2, 0O-2s22p4, Nb-4d45sl, and Ta-5d36s2. After

performing a careful convergence test and contrast, the
cutoff energy of the plane wave was assumed as 460 eV.
Brillouin zone wavevector k points were then performed
over a 4x4x2 grid size which was generated
automatically by the Monkhorst-Pack method [31].
Furthermore, during the optimization process, a total
energy convergence of 0.5x 10% eV/atom, Hellmann-
Feynman ionic force of 0.001 eV/nm, maximum stress of
0.02 Pa, and maximum displacement of 0.5 x 10-°5nm have
been applied. Additionally, the scissors operation has been
carried out in the optical absorption of ZnO in order to
obtain the exact values of the optical absorption spectra
within low energy ranges.

3. RESULTS AND DISCUSSION

3.1. Results of optimized structure

In order to determine the feasibility of the
experimental data, we optimized the equilibrium structure
using experimental methods and related parameters which
were mentioned in Model and computational methods.
Table 1 shows the experimental and calculated lattice
constants, and the volume V of ZnO. Additionally, the
lattice parameters of optimized ZnO doped systems have
also been compared with ZnO lattice parameters in several
papers which used the same experimental principle. Exp.a,
Exp.b, Exp.c, respectively, is the data in different
references. Cal.d is the lattice parameter before
optimization, and Cal.e is lattice parameter obtained after
calculation and optimization. The lattice constant which
we calculated a and c, and the volume V of pure ZnO, and
Nb-, Ta-, and ZnO co-doped with Nb and Ta, are shown in
Table 2. As shown in Table 1, the parametric values, after
optimization, of a and ¢ were calculated as 3.272 and 5.261
respectively, which are in good agreement with the
experimental values [2, 30, 32, 33]. Meanwhile, it can be
perceived that the lattice constants of doped ZnO increased
gradually, as shown in Table 2.

Fig. 1. Schematic of the structures of ZnO (2 x 2 x 2) supercells: a—2ZnO; b —Zno.9375Nb0.06250; € —ZNo.9375Ta0.06250;

d — Zno.875sNbo.0s25 Ta0.06250



Table 1. Experimental and calculated lattice constants, (a = b, c),
and volume V of ZnO

a,nm| c,nm V, nm? cla
Exp.a [2] 0.3283| 0.5311 | 49.573x10° | 1.618
Exp.b [32] 0.3247] 0.5203 | 47.506x10° | 1.602
Exp.c [33] 0.3278| 0.5295 | 49.274x10° | 1.615
Cal.d [30] 0.3249| 0.5204 | 47.574x10° | 1.602
Cal. e (Present Study) ]0.3272| 0.5261 | 48.778x10° | 1.608

Table 2. Lattice constants a and ¢ and volume V of pure ZnO,
Nb-, Ta-, ZnO co-doped with Nb and Ta

a,nm c,nm V,nm c/a
Pure ZnO 3.272 5.261 | 48.778x10% | 1.608
ZN0.9375Nb0.06250 3.379 5.492 | 54.305x10% | 1.625
ZN0.9375 120.06250 3.381 5571 55.151x10° | 1.648
ZnogsNbooezsTa | 3 45 | 5779 | 59.846x107 | 1.671
0.06250

According to the results, the Nb-doped ZnO and Ta-
doped ZnO show the least lattice distortion and doping
feasibility. On the contrary, ZnO co-doped with Nb and Ta
exhibits serious lattice distortion and unacceptable
mismatch with + 0.0186 nm and + 0.0518 nm for a and ¢
respectively; these discrepancies may be attributed to the
large ionic radius of Nb° and Ta’*. Even so, it was
determined that the changes of ZnO co-doped with Nb and
Ta observed in the values of a and c are still in an
allowable range. Thus, we can clearly observe that the Nb-
doped ZnO, Ta-doped ZnO, and ZnO co-doped with Nb
and Ta exhibit feasibility. The results obtained are,
therefore, consistent with literature on Nb-doped ZnO, as
reported by Shaw et al. [34], and on Ta-doped ZnO, as
reported by Wu et al. [35].

3.2. Band structure

The band structures of pure ZnO and ZnO doped
systems are shown in Fig. 2. Because the nature of the

Energy.ev

Energy,eV

material is mainly determined by the change in the vicinity
of the Fermi level, caused by the doping of ZnO, the
Fermi level at zero energy, and at — 8 to 8 eV of the band
structure are shown in Fig. 2. Fig. 2 a shows the band
structure of pure ZnO. As observed, the ZnO-
semiconductor exhibits a direct band gap due to its
valence band at the top and bottom of the conduction
bands, which are located at point G in Fig.2a.
Additionally, the band gap width is determined as
0.804 eV. The result obtained is in close agreement with
those calculated by Si X et al. [36] at 0.731 eV. However,
this is still far from the band gap with a value of 3.37 eV,
for pure ZnO, and this difference can be attributed to the
generally low phenomenon in the calculation of band gaps
present in DFT. For pure ZnOs, the energy of Zn 3d is
overestimated, which leads to its enhanced interaction
with O 2p, and as a result, the band gap’s bandwidth
becomes larger, hence the lowering of the band gap.
Despite the underestimation of the band-gap, the optical
spectrum is predicted well by the DFT calculation [37]. A
common way of fixing the underestimated band gap is to
apply a rigid energy shift to the computed Kohn-Sham
spectra, which is called a scissor operation.

It can be seen from Fig. 2 that the maximum values of
the valence band and the minimum values of the
conduction band in the three cases of the ZnO doping still
remain at point G. This means that the doped ZnO still
belongs to the category of direct band gap oxides.
Moreover, it has also been determined that Nb-doped ZnO,
Ta-doped ZnO, and ZnO co-doped with Nb and Ta band
gaps are narrow, and the degree of narrowing of the co-
doped conditions is the greatest at 0.664 eV, 0.671 eV and
0.614 eV respectively. Thus, the conductivity of ZnO,
after doping, was enhanced. In addition, we can also
determine that the conduction and valence bands of the
doped systems move downwards, correspondingly.

Energy.eV

Energy,eV

Fig. 2. Band structures of pure ZnO and ZnO doped systems: a—ZnO; b—Nb-ZnO; c—Ta-Zn0O; d - (Nb, Ta)-ZnO
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3.3. Density of states

Fig. 3 shows the total density of states (TDOS) and
partial density of states (PDOS) of the pure ZnO and ZnO
doping systems. As observed in Fig. 2 a, the valence band
of pure ZnO can be divided into three parts. Within the
range of —4.41 to 0 eV, it is mainly composed of O 2p and
small amounts of Zn 3d states. On the other hand, valence
bands within the range of —6.63 to 4.41 eV are mainly
composed of Zn 3d and partial O 2p states. Lastly, an
isolated band in the range of —18.3 to 16.5eV at the
valence band is formed with O 2s state. The composition
of conduction bands, on the other hand, is consistent with
the total density of ZnO in that they are mainly formed by
the Zn 4s and the O 2p states.

The TDOS and PDOS of the ZnO doping systems are
shown in Fig. 3b—d). As observed, the Fermi level is
shifted upwards, and into the conduction band after doping,
as the doping of Nb and Ta elements leads to an increase
in conductive carriers. This also leads to enhanced
conductivity of the systems after doping, especially after
co-doping. In Fig. 3 b, we can see that there exists an
impurity level near the Fermi level, after doping Nb,
which is caused by the Nb 4d state, and as a result, causes
the conduction band width to become smaller. In addition,
there are two isolated bands in the range of -58.0 to —
56.7eV and —34.3 to —32.6eV at the valence band,
which is formed by the Nb 5s and 4p states. Nonetheless,
these are far from the Fermi level, and, therefore, the
impact is small and does not require significant
consideration.

As shown in Fig. 3 c, the effects on the Fermi level is
attributed to the Ta 5d state after doping, and is mainly
composed of the Ta 5d and the partial O 2p states at the
valence band between —1.32 and 3.76 eV. Since the 4s
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electrons of Zn and 5d electrons of Ta are decreasing and
increasing, respectively, the contribution of Zn in the
conduction band is gradually weakened.

Fig. 3 d shows the TDOS and PDOS of ZnO co-doped
with Nb and Ta. After co-doping, the s orbital electron
density of Nb and Ta has very little influence on the
valence and conduction bands of the ZnO crystal, and only
functions at a deeper level (<-30eV). The maximum
effect on the bottom of the conduction band and the top of
the valence band are still attributed to the Nb 4d and Ta 5d
states.

According to the analyses made above, in ZnO co-
doped with Nb and Ta, the interactions between the
impurity atoms will narrow down the forbidden band
width, while shifting the Fermi level upwards. At the same
time, the quantum state close to the bottom of the
conduction band has been occupied by electrons, whereby
the degeneration of carriers takes place to form degenerate
semiconductors.  This, therefore, obtains n-type
semiconductors which exhibit better electrical properties.

3.4. Optical properties
3.4.1. Dielectric function

The dielectric function can reflect the information
between the energy band structure and the optical
spectrum of the solid, and can characterize the physical
properties of the material. The macroscopic optical
response function is usually described by the complex
permittivity (w) of light, where &(o)=¢1(w)+2,() -

Where, @ denotes the frequency, and & (o) and &,(w)

represent the real and imaginary parts of the dielectric
function, respectively.

TDOS.eV!

PDOS eV
2

Energy.eV

d

Fig. 3. TDOS and PDOS of pure ZnO and ZnO doping systems, where the Fermi level is set to 0: a—ZnO, b—Nb-ZnO; c—Ta-Zn0O;

d—(Nb, Ta)-ZnO
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According to the definition of Kramers-Kronig
dispersion relation and direct transition probability, we
can deduce the real part g and the imaginary part ¢, of

the crystal dielectric function. The results are as follows:

2
2 ‘e'Mcv(kX
—14c, 3 | dk =
() +C2c,vBIz 27 Eek)-Ey (k)] @
X hs |
o0, (0P 1702
2
_ 4r 2, 2. 2
&y(0)= w22 ez’ 2 oMoy (k) @

x S[Ec(k)-Ey(k)-no]

In the equation, 7=h/2, m, e, and @ represent the

free electron mass, free electron charge, and incident
photon frequency, respectively. And where, c, v, BZ, Kk,

and \e-MCV(k]z denote the conduction band, valence band,

first Brillouin zone, reciprocal lattice vector, and the
momentum transition matrix element, respectively, while
E.(k) represents the conduction band on the intrinsic level,

and E, (k) is the valence band on the intrinsic level.

Since the imaginary part & of the crystal dielectric
function describes the energy required for the transition of
the electron from the valence band to the conduction band,
we only analyze the imaginary part of the dielectric
function. Fig. 4 shows the pure ZnO and the doped ZnO
dielectric functions of the imaginary part. As shown in
Fig. 4, when compared to pure ZnO, the imaginary part of
the dielectric function becomes smooth after doping the
impurity atoms. There is only one larger dielectric peak,
between 2.68 and 2.85 eV. This corresponds to the direct
transitions between O 2p, Nb 4d, and Ta 5d states in the
state density map. A rise in the dielectric peaks are
observed in all Nb-doped ZnO, Ta-doped ZnO, and ZnO
co-doped with Nb and Ta systems.

Zn0
Nb-ZnO
ok Ta-ZnO

.'.\ ——Nb Ta-ZnO

80

2, s (0

40

o (|

0 10 20 30
Energy.eV

Fig. 4. Intrinsic ZnO and the doping ZnO dielectric function of
the imaginary part &

In Nb and Ta co-doped ZnO, the dielectric peak moves
slightly towards the high energy direction. This is due to
the fact that the Fermi level enters the conduction band
after the impurity is doped on the ZnO, therefore, the
conduction band is filled with electrons at the Fermi level.
This results in the transition of the electronic valence band
to the Fermi level and above, hence increasing the
required energy. Furthermore, in the case of ZnO co-
doped with Nb and Ta, the interaction between the Nb
atom and the Ta atom causes the energy required for the
electron transition to be less than the energy required for a
single doping, hence the lower value of the peak of co-
doping relative to that of the single doping peak, with a
range between 2.68 and 2.85 eV.

3.4.2. Absorption

The absorption spectrum can reflect the absorption
versus wavelength loops of the doped ZnO to different
wavelengths of light [38, 39]. The absorption coefficient
can be directly derived from & () and &,(®). The form

of expression [40] is as follows:

12
I(w)= \/Ea)[ 312 (0)- 6‘5 () - sl(a))} . (3)

The absorption coefficient of pure ZnO and doped
ZnO is shown in Fig.5. There are three distinct absorption
peaks in pure ZnO, located at 10.07 eV, 16.87 eV, and
20.69 eV. After the incorporation of impurities, the
absorption peak decreases, especially in Nb and Ta co-
doped ZnO. The absorption peak is mainly derived from
the transition of the valence band to the electron band in
the excited state, while the weakening of the absorption
peak indicates that the reduction of the transition process
is due to the incorporation of Nb and Ta impurity atoms.
In addition, since the new impurity band is introduced
after doping, a new absorption peak appears in the low
energy region. Moreover, it is clearly perceived that the
absorption side exhibits a redshift phenomenon as the
doping of Nb and Ta atoms leads to a reduction in the
forbidden band width.

5 n0
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— Ta-ZnO
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£ a0 b | \ | \
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g. 5. The absorption coefficients of pure ZnO and doped ZnO
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Fig. 6. The reflectivity of pure ZnO and doped ZnO

This is mainly due to the energy structures of Nb and
Ta elements, which significantly improves the absorption
property of ZnO after doping.

3.1.3. Reflectivity

The change in reflectivity is observed before and after
ZnO doping, as shown in Fig. 6. The main peak of the
reflection of pure ZnO is located close to a value of
13.24 eV. After doping, the main peak moves towards the
low energy region. Nb and Ta co-doped ZnO has the
largest variation in this case. Although the trend is
decreasing in the high energy region, the reflectivity of the
high energy region after doping of Nb and Ta is lower
than that of pure ZnO. And the doped ZnO decreased its
absorption and reflectivity in the 20—30 eV high-energy
region. This implies that the transmittance of the
ultraviolet region in the 20—30 eV high-energy region
after doping of Nb and Ta elements is significantly
increased, especially when Nb and Ta is co-doped with
Zn0. In addition, Nb and Ta co-doped ZnO systems has
the lowest reflectivity in the visible range. However, the
reflectivity of ZnO-doped systems in the low-energy UV
region increases again to the highest level.

3.1.4. Loss function

The energy loss spectrum is a physical quantity that
describes the loss of energy of electrons through uniform
dielectrics. The loss function (), is described in terms

of & () and ¢,(w) as:

L(w) =&y (a){slz (a))+ sg (a))} .

As shown in Fig. 7, the energy-loss peak of pure ZnO
is close to a value of 14.35 eV. In this case of doping, the
energy loss peak appears redshift, where the energy-loss
peak of Nb and Ta co-doped ZnO has the largest redshift.
It is clearly seen that two energy loss peaks are present
after doping; this corresponds to the two sharp descending
segments of the reflection spectrum in Fig. 6.

(4)
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Fig. 7. The loss function of pure ZnO and doped ZnO

4. CONCLUSIONS

The electronic structure and optical properties of ZnO
co-doped with Nb and Ta have been investigated using the
first-principles ultrasoft pseudopotential within GGA. A
summary of our results are as follows:

1. In this study, the direct band gap of the ZnO was
determined as 0.804 eV. After doping, the forbidden
band width becomes smaller, and the co-doped band
gap is the smallest.

After doping, impurity atoms provide free carriers
near the Fermi level, while the Fermi level shifts
upwards into the conduction band. This significantly
improves the conductivity of the dopant system.

In terms of optical properties, the dielectric imaginary
part of the dopant system is larger than the pure ZnO
in the low energy region.

The absorption side of the dopant system exhibits a
redshift phenomenon. Meanwhile, the doping system
still has different degrees of absorption when the
energy is higher than 34.69 eV.

After doping of Nb and Ta elements, the
transmittance of the ultraviolet region is significantly
increased in the 20-30eV high-energy region,
especially when Nb and Ta is co-doped with ZnO. Nb
and Ta co-doped ZnO systems has the lowest
reflectivity in the visible range. And the reflectivity of
ZnO-doped systems in the low-energy UV region
increases again to the highest level.

The function loss spectrum appears redshift and the
energy-loss peak of Nb and Ta co-doped ZnO has the
largest redshift.
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