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The electronic structures and optical properties of N-doped ZnO bulks and nanotubes are investigated using the first-
principles density functional method. The calculated results show that the main optical parameters of ZnO bulks are
isotropic (especially in the high frequency region), while ZnO nanotubes exhibit anisotropic optical properties. N doping
results show that ZnO bulks and nanotubes present more obvious anisotropies in the low-frequency region. Thereinto, the
optical parameters of N-doped ZnO bulks along the [100] direction are greater than those along the [001] direction, while
for N-doped nanotubes, the variable quantities of optical parameters along the [100] direction are less than those along the
[001] direction. In addition, refractive indexes, electrical conductivities, dielectric constants, and absorption coefficients of
ZnO bulks and nanotubes each contain an obvious spectral band in the deep ultraviolet (UV) (100 nm~ 300 nm). For each
of N-doped ZnO bulks and nanotubes, a spectral peak appears in the UV and visible light region, showing that N doping
can broaden the application scope of the optical properties of ZnO.
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1. Introduction

Zinc oxide (ZnO) and its nanostructures which pos-
sess novel and unique physical properties have been attract-
ing much attention in various fields such as photoelectric
detection,!'=3! hydrogen storage, microwave absorption, nano
lasers, sensors, solar cells, spintronic devices, and other
fields.[*"1?) Because the ZnO is regarded as one of the im-
portant materials of next generation electronic devices, much
attention has been paid to the research on doped ZnO in recent
years. Many researchers have drawn attention to ZnO one-
dimensional nanostructure. For example, Pan ef al. studied the
physical model for the exotic ultraviolet photo-conductivity
of ZnO nanowire films.!"3! Shi ez al.,!'¥ Dhara and Giri,[!"!
and Thomas et al.['% respectively investigated the physical
properties, such as force, thermal, optical and electrical prop-
In 2009,
Sieber et al. found the luminescence of the N-doped ZnO

erties of Ga-, Al- and Ag-doped ZnO nanowire.

nanorods.['”l Wu et al. have researched S-, Se-, Te-doped

(181 Tn addition, some investigations have

ZnO semiconductors.
been reported as regards ZnO nanotubes (NTs). For exam-
ple, Xu et al " Xing et al.?%?!1 have successfully syn-
thesized ZnO nanotubes with different wall thickness values
and nanobute diameters. The special characteristics of opti-

cal spectra of ZnO single-wall nanotubes (SWNTs) have been
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investigated.?>%3] The calculated results of optical properties

of (n,0) ZnO SWNTs studied have revealed that each of the
dielectric peaks has a blue shift and the edge of absorption
band corresponds to ultraviolet band with the decrease of the
nanotubes diameter.[>*! While, the absorptions of Ag-doped,
Mn-doped, Cd-doped ZnO SWNTs, and Sr-doped ZnO nan-
otubes have respectively been found and studied, and the phe-
nomenon of a slight red shift was found in Cd-doped ZnO
SWNTs, while strong absorptions in the visible-light region
of pristine and Sr-doped ZnO nanotubes were observed.[?>-28]
Feng et al. observed that bandgap increases when N atoms are
doped into ZnO nanotube and that a red shift appears with the
increase of N concentration.>”! Now, the doping of several
alkali and alkaline earth metals into sidewall of an armchair
ZnO nanotube has been investigated by the density functional
theory.[?" These research results greatly promote the progress
in studying the optical properties of ZnO nanotubes. So far, N
doping has been recognized as one of the most promising so-
lutions to realize p-type ZnO, so that recently many N-doped
7ZnO nanowires have been reported,[31’32] but there are few re-
search reports about N-doped nanotubes. In addition, varieties
of ZnO SWNTSs have been widely studied, 93033351 byt the
reports of the optical photoelectric properties of N-doped ZnO
nanotubes have been particularly rare.

In this paper, nanotubes and N-doped models based on
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hexagonal wurtzite ZnO structures are built by Material Studio
5.0 software, and the spectra of band structure, dielectric con-
stants, refractive indexes, absorption coefficients, loss coeffi-
cients, and electrical conductivities of ZnO bulks, nanotubes,
N-doped ZnO bulks, and nanotubes are calculated using the
first principles method. The lattice parameters and the variable
quantities of the electron effective mass of ZnO bulks and nan-
otubes, N-doped ZnO bulks and nanotubes have also been ob-
tained, and the effects of N doping on photoelectric properties
of ZnO bulks and nanotubes have been studied comparatively.
N doping changes the electronic structures, band gaps and the
effective mass values of ZnO bulks and nanotubes. N-doped
ZnO shows good photoelectrical properties at low frequency,
so it provides an important theoretical basis for the application

of zinc oxide in the photoelectric area.

2. Computational method and model
2.1. Computational method

In this paper, the calculations are carried out using the
first-principle plane-wave pseudo-potential with Cambridge
Serial Total Energy Package (CASTEP) code in Material Stu-
dio 5.0 software. Under the condition of ab initio method
of the plane wavelet pseudo-potential and two-dimensional
periodic boundary conditions, the multi-electronic system is
expanded with plane wave functions. In order to minimize
the number of plane wavelets, the interactions of ion core
with valence electrons (O 2s%2p*, Zn 3d'%4s2, N2s22p?) of
the atoms are described by the ultrasoft pseudo-potential. In
the reciprocal space, the plane-wave cutoff energy is assumed
to be 380 eV, and the generalized gradient approximation
(GGA) and Perdew and Wang 91 (PW91) are employed for
the exchange—correlation potential. The sampling k-points
are set to be 1x1x4 in Brillouin zone of ZnO according
to the Monkhorst-pack scheme. The ground state energy is
calculated using Pulay density mixed method, and the self-
consistent field is set to be 1x107® eV/atom.

The structure is optimized with the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) method and four optimization pa-
rameters are as follows: 1) the convergence standard of
the individual-atom energy is 1.0x1073 eV, 2) the conver-
gence standard of interaction between electrons is 0.3 eV/nm,
3) the convergence standard for maximum shift of atom is
1.0x10~* nm, and 4) the convergence standard of crystal in-
ternal stress is 0.05 GPa. The optimization for four param-
eters is carried out simultaneously and the indication of the
completeness is that four parameters all meet the convergence

standard.

2.2. Structural model

ZnO has a variety of crystal structures, including the
hexagonal wurtzite ZnO which belongs to P63mc space group,
and its symmetry is Cév, The hexagonal close packing of zinc
and oxygen reversely nest along the ¢ axis. Zinc atoms are lo-
cated on the tetrahedral gap formed by four adjacent oxygen
atoms. The arrangement of oxygen atoms is similar to zinc’s,
figure 1(a) is the ZnO supercell whose structure is 3x3x1
making up of 36 atoms.

(a)
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@0 @®Zn @ON

Fig. 1. (color online) (a) supercell structure with the same atomic num-
ber as ZnO NTs, (b) serrated ZnO NTs before optimization, (c) op-
timized circular ZnO NTs, and (d) optimized circular N-doped ZnO
NTs. Positions in this figure are the coordinates of the substituted oxy-
gen atom.

The single-walled nanotubes which remove superfluous
atoms beside one layer from the hexagonal wurtzite ZnO can
be obtained. It periodically arranges along the [001] direction,
and the least positive period contains 36 atoms, in which there
are 18 zinc and 18 oxygen atoms as shown in Fig. 1(b). The
optimized structure of ZnO nanotubes is shown in Fig. 1(c).
N-doped ZnO supercell and nanotubes are obtained through
substituting nitrogen atom for the positions (0.66, 0.33, 0.625)
of oxygen atom. The optimized structure of N-doped ZnO
nanotubes is shown in Fig. 1(d).

3. Results and discussion
3.1. Crystal structure

In the reciprocal space, geometry optimization, which is
achieved using the BFGS algorithm, makes the structure more
stable, and the variable quantity of system in the total energy is
no more than 10 peV/atom. After the geometry optimization,
the accuracies of self-consistence and the system energies of
ZnO bulks and ZnO nanotubes with the same N-doped consis-
tence each have a better convergence, and these are less than
the standard. Part of the calculation results are shown in Ta-
ble 1.
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Table 1. Lattice parameters of ZnO and N-doped ZnO.

ZnO N-doped ZnO
Lattice Bond length Bond angle Diameter Lattice Bond length Bond angle Diameter
(afc)lA 0-Zn/A ZZn0OZn/(°) DIA (afc)lA 0-Zn/A ZZn0OZn/(°) DIA
Bulk 3.283 2.001 108.653 - 3.279 1.949 109.147 -
5.298 2.009 110.778 5.311 1.955 111.036
Nanotube 3.314 1.905 114. 893 9.611 3.331 1.881 114.576 9.560
5.663 1.907 118. 435 5.649 1.889 118.657

As illustrated in Table 1, the bond lengths of O(N)-Zn
decrease no matter whether the ZnO doped with N. Because
the bond angle of N-doped ZnO NT is increased by about 6°,
the lattice constants of nanotube are bigger than those of bulk.
N atom destroys the original state of equilibrium of ZnO. It is
perceived that the influences of N doping on the lattice struc-
ture of bulks and nanotubes are significantly different, as listed
below.

(i) The bond lengths of bulks decrease and the bond an-
gles increase, while both the bond lengths and bond angles of
nanotubes decrease;

(i1) Owing to the effect of quantum size, the variables of
bond length and bond angle of bulks are more obvious than
those of nanotubes;

(iii) Doping causes the diameter of nanotubes to decrease

by about 0.051 A, mainly due to the bond length and bond
angle decreasing;

(iv) The combined action of bond length and bond an-
gle determines the change of lattice constant. Doping allows
lattice constant a of bulk to reduce and c¢ to increase, but nan-
otubes have a contrary scenario. Lattice constant has an effect
on the effective mass values of electrons and holes, and the
influence is shown in the following subsection. This maybe
the main influences on the change of band structure and the

frequency shift of dielectric function.

3.2. Electronic property

The band structures of bulks and ZnO nanotubes are

shown in Fig. 2. The band gap of ZnO bulks is less than

10 T T 10
(a) ZnNONTs (b) N—doped ZnO NTs
8k [ — 48
6 :/ _\ / :\_ 6
H a1, =
: T 1 <
~ 20
% ol | E,=431eV E, =4.365 eV 12 ¢
| | -
0 = 0
) ;‘/:\_’ —— 1 =
FH——— ] —
4L I )
r F Q z r r Z Q F T
[100] [001] [001] [100]
10 = 10
L (c) ZnO d) N—doped \Zilo//
sk — C —— L
=] — | | = \/_/
6 ij ~—| /§7 6
> >
o4t / 14 &
S R B s i s 7
s 2F 42 2
K E,=3.37 eV E,=3.28 eV =
A
e l ****** R g I R ke E——— —— 0
== ey —— §$§/J%
2k | 1 L — —2
— = — [
—4 —4
r F Q z r r z Q F T
[100] [001] [oo1] [100]

Fig. 2. (color online) Band structures of ((a) and (c)) the pure and ((b) and (d)) N-doped ZnO bulk and NTs. The scissors operator is at 2.628 eV.
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3.37 eV from the experimental result, owing to the fact that the
correlation interaction between excited electrons in calculating
model has been underestimated. On account of overestimating
the energy of Zn-3d, the Zn-3d and O-2p violently hybridize
and bandwidth of valence band increases, therefore the band-
gap decreases. In consequence, the scissors operator is revised
in Fig. 2.

As shown in Fig. 2, the top of valence band (VBM) and
the bottom of conduction band (CBM) of ZnO nanotubes and
bulks are in the center of the Brillouin zone (I"), and they are
direct band-gap semiconductor. The direct band gap proper-
ties of ZnO make them good candidates for applications in op-
toelectronic nanodevices. It is known that the effective mass
values of electrons and holes can be calculated by using the
formula of the solids physics:

1\ 1 JE
m* . o 72 8kj8k,»’
and the results are listed in Table 2.

Electronic density of states (DOS) of ZnO nanotube and
N-doped nanotube are illustrated in Fig. 3. The VBs of pure

(i,] =x,,2), (1)

and N-doped ZnO nanotubes are composed of the bottom of
VB contributed by Zn-3d, the VBM is contributed by O-2p,
and in —17 eV the VB is provided by O-2s. Because of N sub-
stituting for O, it introduces two belts of impurity: one is on
the VBM provided by N-2p, and the other is located in —13 eV
and provided by N-2s. As shown in Fig. 3, the insets respec-
tively show the partly enlarged CB, and the CB of nanotubes is
mainly provided by the 4s orbits of Zn and Zn-3p. At the up-
per portion of VB, the VB contributed by Zn-3d changes more
gently and the peak of state density of O-2p is sharp, owing
to the full shell structure of orbital of Zn-3d, thus the holes of
VB hold large effective mass.

DOSs of pure and N-doped ZnO bulks have similar per-
formances to those shown in Fig. 3, except for two impurity
belts.

Compared with bulks, band structure in Fig. 2 shows that
the band gaps of nanotubes all increase. It is perceived that
the influences of N doping on the band structure of bulks and
nanotubes are significantly different as described below.

i) For ZnO bulks, N doping brings degenerate impurity
band (bandwidth is 0.064 eV) at the VBM, so the impurity

band and VB form a new VB, which induces the band gap to
decrease;

ii) For ZnO nanotubes, an impurity energy level is newly
added to the VBM, which derives from 2p orbital of N and
is close to the VBM (about is 0.219 eV) due to N doping, so
that impurity energy level can serve as a good acceptor impu-
rity. ZnO bulks are of 3d periodic structures, and the number
of N atoms participating in the calculation are far more than
that of one-dimensional periodic structure, therefore there is
only impurity band level in Fig. 2(b). While a large number of
impurity levels form an impurity band in Fig. 2(d);

iii) Because of approximating parabolic shape, the CB is
a quasi-sp energy band;

iv) The increment of the CB of nanotubes is less than that
of ZnO bulk, while that of VB shows an opposite scenario.
That indicates that the electronic effective mass of nanotube
is greater than that of the bulk, while that of hole exhibits an
opposite scenario, and the computation results are shown in
Table 2.
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Fig. 3. (color online) Electronic densities of states of (a) pure ZnO NTs
and (b) N-doped ZnO NTs.

Table 2. Band structure parameters of ZnO and N-doped ZnO.

ZnO N-doped ZnO
Effecti Effecti s
Band gap Ey/eV ective mass Band gap Ey/eV ective mass Impurity band/eV
me(my) my (mo) me(my) my (mo)
Bulk 137 a-0.69 a-5.46 108 a-0.74 a-7.70 0.064
c-0.71 c-6.06 c-0.27 c-10.6
-2.1 -4, -1. -5,
Nanotube 431 @219 a-4.90 437 a-1.89 - a-5.90 0.219
¢-0.86 c-2.64 ¢-0.82 c-3.46
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3.3. Photoelectric properties

The calculated results of dielectric functions, loss coef-
ficients, refractive indexes, conductivities, absorption coef-
ficients of pure and N-doped ZnO bulks and nanotubes are
demonstrated in Figs. 4-7.

From Fig. 4 it follows that

() The variable quantities of dielectric constants of ZnO
bulks along the [100] direction and [001] direction are small,
so that they hold isotropic dielectric properties. While di-
electric constants of ZnO nanotubes along the [001] direction
(both real part and imaginary part) are greater than along [100]
direction, dielectric properties are anisotropic;

(II) N-doping has a great influence on dielectric constant
of ZnO bulk along the [100] direction, while a less influence
along the [001] direction. Inversely, N-doping makes greater

influence on dielectric constant of ZnO nanotubes along the
[001] direction (both real and imaginary part) than along the
[100] direction;

(IIT) Wing to N-doping, peaks appear at the low frequen-
cies of ZnO bulks and nanotubes respectively, which broadens
the application scope. The peak follows Lorentz model which

is given as follows: ¢!
2N (1)2 _ (1)2
e=1+2 [ 5 (@ )
m*g | (0f — 0?)>+ (0/7)?
0/t
+i . 2
) @

It illustrates that the peaks derive from the free electron
oscillations provided by impurities band belt (or impurity en-
ergy level).
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Fig. 4. (color online) Dielectric constants of pure and N-doped ZnO bulks and NTs ((a) and (c)) along the [100] direction, and ((b)

and (d)) along the [001] direction. The insets show the partial enlargements.
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Fig. 5. (color online) Loss coefficients of pure and N-doped ZnO bulks and
NTs (a) along the [100] direction and (b) along [001] direction. The insets
show the partial enlargements of the curves for the pure and N-doped ZnO
NTs.

For completeness, the spectra of the dielectric loss func-
tion of pure and N-doped ZnO bulks and nanotubes along dif-
ferent directions can also be given as shown in Fig. 5. For ZnO
nanotubes, N-doping exerts a greater influence along the [001]
direction than along the [100] direction, and leads to peaks ap-
pearing in a low frequency range (from 3 eV to 4 eV) of ZnO
bulks and nanotubes respectively.

In Figs. 6 and 7, the refractive indexes, photoconductions,
and absorption coefficients of pure and N-doped ZnO bulks
and nanotubes along the [100] direction and the [001] direc-
tion can be calculated from the relationship between dielectric
constants and refractive index, and that between extinction co-
efficient x and absorption coefficient cr:137!

n2—k2:£1,

3
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2nK = &, (4)  While the parameters along the [001] direction are greater than
_ 20K (5) along the [100] direction, so the above optical parameters of
¢ o ) ] ZnO nanotubes exhibit anisotropic properties;
The spectral characteristics are similar to the dielectric

constant: II) N doping exerts a great influence on the optical pa-

rameters of ZnO bulk along the [100] direction but less along
the [001] direction. On the other hand, N doping has a greater

I) The variations of the refractive indexes, extinction co-
efficients, loss coefficients, absorption coefficients, and photo-
conductions along the [100] direction and the [001] direction
of ZnO bulks are small, namely these parameters are isotropic.

effect on these optical parameters along [001] direction than
along the [100] direction in ZnO nanotubes;
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Fig. 6. (color online) Refractive indexes and extinction coefficients of pure and N-doped ZnO bulks and NTs ((a) and (c)) along the
[100] direction and ((b) and (d)) along the [001] direction. The insets show the partial enlargements.
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Fig. 7. (color online) Absorption coefficients and conductivity coefficients of pure and N-doped ZnO bulks and NTs ((a) and (c)) along

the [100] direction and ((b) and (d)) along the [001] direction. The insets show the partial enlargements of the curves for the pure and
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III) For ZnO bulks and nanotubes, the waveforms of the
absorption coefficients, and conductivities are similar. In ad-
dition, these spectra have peaks appearing in a 4 eV-14 eV
(about 89 nm—-310 nm) ultraviolet range. While strong absorp-
tion (and conductivity) peaks which come from the increased
conductivities of N-doped ZnO bulk and nanotube turns up at
2 eV—4 eV (about 310 nm—62 Onm) ranging from UV to visible
light. Like dielectric function performance analysis, the peak
is derived from the impurity level. The absorption and con-
ductivity spectra of ZnO are broaden from deep UV (89 nm)
region to visible light (620 nm) region. Light-absorption and
conductivity spectrum edges of the N-doped ZnO are red-
shifted, exactly the same as the properties of nanoparticles*®!
and N-doped ZnO thin films.?")

4. Conclusions

In this paper, the band structures, refractive indexes, ab-
sorption coefficients, loss coefficients, electrical conductivi-
ties, and dielectric constants of pure and N-doped ZnO bulks
and nanotubes are calculated by MS software CASTEP mod-
ule. The lattice parameters and the changes of the electron
effective mass of pure and N-doped ZnO bulks and nanotubes
are also obtained, and the effects of N doping on photoelec-
tric properties of ZnO bulks and nanotubes are comparatively
studied. The calculated results show that the main optical pa-
rameters of ZnO bulks are isotropic (especially in a high fre-
quency region), while ZnO nanotubes exhibit anisotropic opti-
cal properties. N doping results show that N-doped ZnO bulks
and nanotubes present more obvious anisotropic properties in
a low-frequency region. Thereinto, the optical parameters of
N-doped ZnO bulks along the [100] direction are greater than
along the [001] direction, while for N-doped nanotubes, the
variable quantities of optical parameters along the [100] direc-
tion are less than along the [001] direction. In addition, ac-
cording to the calculated results of optical properties and the
formula of A = 1240/E, it is found that the N doping causes
the absorption and conductivity spectra of ZnO to shift from
deep UV (89 nm) region to visible light (620 nm) region, indi-
cating that the N doping can broaden photovoltaic application
fields of ZnO.
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