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Abstract In this contribution, the size dependent band gap
variation of (Zn4/6Cu2/6O)L/(Zn5/6Cu1/6O)L (L is the period-
ic size) superlattices are investigated with the change of L.
The results show that the variation tendency of band gap
appears a minimum in S4 (L04) which is nearly a conductor.
The band gap of S3 (L03) and S5 (L05) also decrease
obviously compared to the other three configurations. Espe-
cially, the band gap of S3 has decreased to 2.16 eV which is
in the region of narrow bandgap semiconductor. Thus, the
band gap can be modulated by alloying through construct-
ing an appropriate variation period. Our ZnCuO superlatti-
ces can absorb light in both visible and UV region. These
properties make the superlattices a potential application in
photocatalysis and the visible light emitter.
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Introduction

ZnO is a geometrically versatile II-VI semiconductor mate-
rial that can form nanodots [1], nanorods [2], nanowires [3],
nanobelts [4], nanotubes [5], and nanobridges [6]. ZnO is a
direct band gap (Eg03.37 eV) semiconductor with a large
exciton binding energy (60 meV), exhibiting near-UVemis-
sion, transparent conductivity, and piezoelectricity. Because
of its favorable characteristics, ZnO has received consider-
able attention over the past few years [7–11].

Micro- and nanoscale structures have attracted increasing
interest because their specific structures and properties differ
from their bulk counterparts, and have wide applications in
chemistry, biotechnology, and materials science [12–16]. As
the most typical one, single-wall nanotubes (SWNTs) have
remarkable characteristics of high surface/volume ratio and
low density, and hence possess potential applications in
many areas, such as dye-sensitized photovoltaic cells, di-
mensionally stable anodes, metal-ion batteries, electrochem-
ical supercapacitors, hydrogen storage devices, biosensors,
and gas sensors [17–21].

Transition metal oxide based photo-electrochemical split-
ting of water has attracted wide interest since the photo-
induced decomposition of water on TiO2 electrodes was
discovered. ZnO has a similar band gap width and band
edge position of TiO2. Meanwhile, the typical electron mo-
bility of ZnO is 10-100 times lager than that of TiO2.
However, this wide band gap can collect only about 5 %
incident solar spectrum energy in UV region. Recently, a
novel (Zn4/6Cu2/6O)3/(Zn5/6Cu1/6O)3 superlattice has been
modeled [22], whose band gap Eg is 2.16 eV and collection
ability is 42 % of the incident solar spectrum energy. In
addition, to satisfy the water splitting redox requirement, the
oxygen and hydrogen reactions must lie between the va-
lence band maximum (VBM) and conduction band mini-
mum (CBM) of photocatalysis. A single-wall ZnO nanotube
(SWZONT) (higher porosity, low density and larger surface-
volume ratio) has been forecasted to possibly be fabricated
because of its negative binding energy and a possible
scheme is proposed to achieve the SWZONTs from the
solid-vapor phase process with carbon nanotubes as tem-
plates [23]. While, for one-dimensional ZnO nanostructures,
a tube should be more stable than a wire, which also sup-
ports the above viewpoints [24]. Recently, multi-walled
ZnO nanotubes have been fabricated via different techni-
ques, such as a thermal reduction route using ZnS power as
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source material, synthesized on a Si wafer coated with a thin
ZnO film, and so on [20, 25].Moreover, the Cu-ZnO nano-
wire and nanotube have been synthesized by electro-
deposition for catalyzing higher alcohols from syngas [26].
Thus, our established superlattice nanotubes should be fab-
ricated experimentally. Therefore, the band gap design is
related to a superlattice structure wherein there exist a Cu
concentration variation and a coherent interface.

The above structures are closely related to the interfacial
effect [27, 28]. However, it is difficult to characterize the
geometric and electronic properties of interface by experi-
ments due to their complexity. Thus, the computational
methods have become a powerful research tool to provide
information at the atomic and electronic levels. In particular,
density functional theory (DFT) calculations are widely
utilized to realize the above purpose with enough accuracy.

To further decrease the wide band gap of ZnO SWNT for
the application in photocatalysis and the visible light emit-
ter, we do a further study about the superlattice. And in
order to further consider the physical essence of the super-
lattice, the periodic superlattices with different size and
same doping concentration gradient are discussed in this
contribution. It can be concluded that with the same ratio
of Zn, Cu and O, the Eg of the configurations L03 and L04
are different from the other configurations due to the effect
of the middle layer inducing the rapid VBM increasing or
CBM decreasing.

Simulation details

The calculations are based on the ultrasoft and norm-
conserving pseudopotentials available in the CASTEP code
to optimize the models and obtain authentic optical proper-
ties [29–31]. Integrations in the Brillouin zone are per-
formed using k points of 1×1×6 mesh parameter grid.
Exchange and correlation effects are described by the
Perdew-Burke-Eruzerhof (PBE) scheme in the generalized
gradient approximation (GGA) [32]. Spin polarization is
checked in the calculation since there is spin polarization
exciting in ZnO/CuO system [33].

The structures of superlattices named S1 to S6 are shown
in Fig. 1. Each configuration has two periodic units (U1 in
left and U2 in right) with the same composition, which have
a half of Zn-O layers (L) of the whole tube where L is 1 to 6
named S1 to S6. Each Zn-O layer has two single layers,
namely, Zn/Cu and O layers. In U1, one Zn atom is substi-
tuted by a Cu atom per layer, while two Zn atoms are
substituted by two Cu atoms in U2. The layer is numbered
from left to right as 1st, 2nd, and so on. The superlattices are
placed in unit cells along [001] direction where the intertube
distance is larger than 10 Å, which prevents the interaction
effect from the neighboring cells effectively. The bond

lengths of 1.973 Å along [100] direction and 1.992 Å along
[001] direction were set from the wurtzite ZnO [34]. The
geometry and indexing scheme of ZnO SWNTs are the same
as carbon nanotubes. After minimizing the total energy for
each structure, the average bond length is about 1.88 Å,
which contracts 4.41 % compared with that in bulk. The
optimized bond angle in average is 117.69°, being similar to
another simulation value of 118.28° [35].

Since doping group-IB elements on Zn sites of ZnO films
is stable while energies are rather high when they are doped
at the interstitial sites [36], Zn sites have been selected for
doping Cu. Cu is doped as dispersive as possible to drop the
total energy. To avoid the interaction between Cu atoms,
there is at most one Cu atom in each Zn-O hexagon.

The band gap error from GGA is induced by shallow
cation-d states in semiconductors on account of their strong,
spurious self-interaction [37], which could be improved by a
computational expedient post-GGA method (GGA+U) [38,
39]. GGA+U was originally developed to improve the GGA
description of Mott insulators by introducing Hubbard-type
interactions into GGA via an adjustable Coulomb parameter
U. Different U values are added on Zn-4s, Zn-3d, and O-2p
orbits in our conculation. We define Eg(x) as the practical
energy barrier for electron transitions. As U increases from 3
to 10 eV, Eg can be effectively widened where there is an
inflection point at U04.5 eV. The simulated value by DFT-
B3LYP technique shows that Eg04.35 eV for (6,0) SWNT,
and Eg03.29 eV for bulk ZnO while the actual Eg value is
3.34 eV [40]. U04.5 eV approaches the above values and is
thus taken here. The detailed discussion of the selection of U
and this figure has been discussed in our previous work [22].

Results and discussion

The curve of Eg as a function of L is shown in Fig. 2a. When
L<5, Eg values of S1 to S4 are 3.25, 3.23, 2.16, and 0.92 eV,
respectively. Eg decreases as L increases. When L≥5, Eg

values increase. To understand the physical background of
the above change, the band structures and part density of
state (PDOS) of ZnO and CuO SWNTs (for a comparison
purpose) are given in Fig. 2b and c, respectively. In the left
part of Fig. 2b, the blue (black) curves represent spin up
(down). In the PDOS curves of Fig. 2c, the black line shows
the total density of states of ZnO or CuO SWNTs. The olive,
red and blue curves denote PDOS of Zn/Cu-3d, O-2p, Zn/
Cu-4s orbits, respectively.

According to our previous work [22], in ZnO SWNT, Zn-
3d Zn-4s and O-2p orbits and in the CuO SWNT, the Zn-4s,
Cu-3d, Cu-4s and O-2p orbits play important roles around
Fermi level (EF), respectively. Thus, the effect of above
orbits to the band gap variation is considered in our config-
urations in this work.
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The band structures and PDOS of S1 to S6 are displayed
in Fig. 3. For S1, S2 and S6 in Fig. 3a, b and f, the variation
tendencies are similar. CBM decreases obviously and VBM
increases little compared to the original one. The energy
levels above EF are contributed not only by Cu-3d orbit but

also partly by O-2p orbit. The difference is there are energy
band splitting and the broadening of O-2p and Zn-4s orbits
in S1 not in the others.

The band structure and corresponding PDOS of S3 and S5
are shown in Fig. 3c and e. In these cases of L03 and 5, the
band structure variation is so different from the above three
cases. CBM contributed by Zn-4s and O-2p orbits decreases.
Meanwhile, the single DOS peak of CB splits into double ones
with energy band broadening. VBM, made by two new energy
high levels named as 1st and 2nd levels, increases remarkably
when they are compared to the above configurations. The right
part of Fig. 3c presents the corresponding PDOS of the two
levels of Cu-3d and O-2p orbits. In light of the figure, VBM is
affected by not only the substituted Cu atoms, but also the
corresponding variety of O layers. In the band structure and
PDOS of S5, the decrease of CBM is not as obvious as that of
S3. VBM made by five new energy high levels increases.

For S4 is also appeared an interesting variation shown in
Fig. 3d with Eg(S4)00.95 eV, the drop of conduction band
(CB) is largest where the energy band splitting and broadening
of O-2p, Zn-4s and Cu-4s orbits in CB ismost obvious among
all structures. Zn-4s orbits split into three peaks in CB, which
differs from other configurations. An increase of VBM is
similar to that of S2. The energy levels near EF are contributed
not only by Cu-3d orbits, but also by O-2p orbits partly.
Another character of the band structure of S4 is the coinci-
dence of spin up and down levels. There will be unpaired lone
electrons in the process of Cu substituting Zn site in ZnO
SWNT, which separates spin up and down levels. It is obvious
that the ability of bounding electrons of Cu is weaker than Zn.
Therefore, some electrons in S4 are in freedom states.

To understand the fact that Eg is different in distinct
configurations, the PDOS of Zn, Cu, and O of each layer
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Fig. 2 Eg of (Zn4/6Cu2/6O)L/(Zn5/6Cu1/6O)L as a function of L (a).
Band structure and the corresponding DOS and PDOS of Zn-4s, Zn-
3d, O-2s and O-2p orbits in ZnO SWNT (b), and that of Cu-4s, Cu-3d,
and O-2p orbits in CuO SWNT (c). The black, red, blue and violet
curves show the part density of states Cu-3d, O-2p, Zn-4s and Cu-4s
orbits, respectively

Fig. 1 A ball and stick
structure of (Zn4/6Cu2/6O)L/
(Zn5/6Cu1/6O)L, where small
(red), large (gray), and middle
(orange) balls show O, Zn and,
Cu atoms, respectively. a S1, b
S2, c S3, d S4, e S5, f S6
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in S3 and S4 are given in Figs. 4 and 5 as examples. Since
each single O layer bonds with left and right two single Zn/
Cu layers, PDOS curves are contributed by the O layer and
the left and right Cu layers. As mentioned above, VBM of
S3 is contributed by Cu-3d and O-2p orbits. To identify the
bonding between Cu and O, the PDOS of Cu-4s, Cu-3d and
O-2p orbits are given in Fig. 4. For S3, the 1st and 4th O
layers bond Zn/Cu layers combined with one and two Cu
atoms, respectively. It is definite that the interface between
U1 and U2 includes three single layers: Zn/Cu layer with
one Cu atom, Zn/Cu layer with two Cu atoms, and the O
layer bonding with them. According to this definition, the
middle layers are the 2nd Zn/Cu single layer, 5th Zn/Cu
single layer and the O single layers bonding with them in S3.

In Fig. 4a, the red, violet and black solid curves represent
O-2p, Cu-4s and Cu-3d orbits of 1st O and 1st Zn/Cu layers,

respectively. Figure 4a and d are the bonds at interface
layers, Fig. 4b, c, d and e are the bonds between interface
and middle layers. The O-2p orbits of 1st O layer bond with
Cu-4s and Cu-3d orbits of 1st Zn/Cu layer at -9 to -7 eV, and
that of 6th Zn/Cu layer at -2 to -1 eV, but not that at -5 to
0 eV. New antibonding orbits formed above EF are mainly
contributed by unoccupied Cu-3d orbits. A similar case
appears at 4th Zn-O layer.

Bonding among Cu-3d, Cu-4s and O-2p in the middle
layers differs from that in the interface layers. Cu-3d orbits
of 2nd Zn/Cu layer bond with O-2p orbits of 2nd layer at -5
to -4 eV and -1 to 0 eV except the region from -9 to -7 eV.
The former is a bonding state and the latter is an antibonding
state. The nonbonding state is located between them. Cu-3d
orbits of 2nd Zn/Cu layer bonds with O-2p orbits of 3rd
layer at -9 to -7 eV while the antibonding states are located
at -1 to 0 eV. The bonding between Cu-3d orbits of 5th Zn/
Cu layer and O-2p orbits of 6th/5th O layer is similar to the
above.

PDOS of S4 is given in Fig. 5. Figure 5a and e show the
bonding in interface layers while Fig. 5c and g present the
bonding in middle layers. Fig. 5b, d, f and h denote the
bonding between interface and middle layers. Differing
from those of S3, CB contributed by Zn-4s, O-2p and Cu-
4s orbits decreases. The bonding between Zn-4s (Cu-4s)
and O-2p has the characteristic of CuO SWNT from -8 to -
6 eV, while that has the characteristic of ZnO SWNT be-
tween -4 to 0 eV. However, those of Cu are divided into two
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parts of U1 and U2 but not interface and middle layers. Cu-
4s and O-2p bonding in U1 is little while that from -2 to
0 eV in U2 is similar to that of CuO SWNT. In summary, Eg

of S4 is similar to that of CuO where CB decreases rapidly.
It is known that sp hybridization appears in the process of

O bonding with metals. Lone pairs contributed by O-2s and
O-2p orbits play an important role in forming antibonding
states [41]. The O-2p orbits have been discussed above; here
consider O-2s orbits, which are related to the decrease of
CB in S4, and differs from others. The PDOS of O-2s orbits
of S3, S4, S6 for ZnO SWNT and CuO SWNT are shown in
Fig. 6. It is shown that O-2s orbits of S4 are separated in
comparison with those of S3 and S6. They are more local-
ized than the others, being closer to that of CuO but not to
that of ZnO. The change of lone pairs may induce the
formation of dipole, which drops the antibonding orbits
above EF.

For S1 and S2, no or one middle layer is present, which
leads to that the case is similar to symmetrical doping. S5
and S6 have more than two middle layers, which results in
less interface effect. Both cases have similar Eg values.

Thus, the band gap can be modulated by our method
alloying through constructing an appropriate variation peri-
od. The results show that the band gap appears the minimum
in S4 (L04) which has been near the conductor. The band
gaps of S3 (L03) and S5 (L05) also decrease obviously
compared to the other three configurations. Especially, the
band gap of S3 has decreased to 2.16 eV which is in the

region of narrow bandgap semiconductor. Since the band
gap of ZnO SWNT is wide, it mainly absorbs light in UV
region. It is well known that ultraviolet light accounts for
only about 5 % of solar energy. Our ZnCuO superlattices
with these band gap values can absorb light in both visible
light and UV region. These properties make the superlattices
a potential application in photocatalysis and the visible light
emitter.

Conclusions

The effect of interface and middle layers on the band
gap are considered in the variation of periodic (Zn4/
6Cu2/6O)L/(Zn5/6Cu1/6O)L superlattices by changing the
size of L. The variation tendency of band gap appears a
minimum in S4 (L04) which has been near the conduc-
tor. The band gaps of S3 (L03) and S5 (L05) also
decrease obviously compared to the other three config-
urations. Especially, the band gap of S3 has decreased to
2.16 eV which is in the region of narrow bandgap
semiconductor. The middle layer can induce the VBM
increase or CBM decrease rapidly. The band gap can be
modulated by alloying through constructing an appropri-
ate variation period, and these properties make the
superlattices a potential application in photocatalysis
and the visible light emitter.
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