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Zn0 micro-/nanostructures were synthesized by the carbothermal reduction-chemical vapour transport meth-
od. This work is focused on the effect of the substrate temperature and Cu catalyst layer on the shape and geometry
of ZnO micro-/nanostructures. The thermally oxidized Cu template affects the structure, chemical identity, optical
and photoluminescence properties of the ZnO micro-/nanostructure and results in a CuO /Zn0O heterostructure.
SEM studies give a direct evidence of the role of deposition temperature and Cu catalyst in the formation of a stable
hemisphere based wire, a comb-like cantilever, a javelin-like tetrapod, a spherical and polyhedral cage of ZnO. XRD
and Raman measurements confirm a hexagonal wurtzite structure of the ZnO micro-/nanostructure. The absorption
edge of the ZnO/CuO_heterostructure is redshifted in comparison to the pure ZnO structure. PL studies indicate that
the UV emission can be suppressed significantly while the green emission is enhanced due to the change in the mor-

phology of ZnO micro-/nanostructures.

Keywords: vapour phase transport growth, CuO /ZnO heterostructure, carbothermal reduction

PACS: 68.35.-p, 73.40.Kp, 81.16.—c

1. Introduction

ZnO micro-/nanostructures have attracted a great
interest owing to their excellent properties and
their potential applications as nanoscale elec-
tronic, photonic, field emission, sensing, energy
conversion and piezoelectric devices [[l1-7]. Sev-
eral strategies have been developed to synthesize
ZnO micro-/nanostructures such as vapour-phase
transport [E], metalorganic vapour-phase epi-
taxy [M|], pulsed laser deposition [@], various wet-
chemistry methods [E, h], and magnetron sput-
tering [H, ].

Various geometrical morphologies of ZnO mi-
cro-/nanostructures have been fabricated, such

as rods [H, E, ], wires [E, , ], tubes [],

combs [E], tetrapods [@], etc. However, the mor-
phology and size control of ZnO micro-/nano-
structures is still an issue and many groups have
focused on this problem. Huang et al. [Iﬁ] have
suggested that the diameter of nanowires can
be controlled by varying Au layer thickness and
longer reaction times. Yao et al. [] reported that
the diameter of ZnO nanowires was tempera-
ture dependent and substrates placed in a low-
temperature zone resulted in small diameters of
ZnO nanowires. Wang et al. [] suggested that
the formation of nanotips and nanofinger arrays
on two sides of a comb ribbon was a direct result
of the surface polarity of ZnO. The polarity of
the ZnO (0001) surface is the key enabling fac-
tor to determine micro-/nanostructures grown
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on the surface. The self-catalysed process is likely
a mechanism for the growth of oxide nanostruc-
tures without the presence of foreign metallic cata-
lysts [19].

In the present study, the systematic size and
shape control of different ZnO nanostructures
(rods, wires, cages and combs) is demonstrated
by carefully controlling the growth temperature,
template and initial precursor. Morphology, di-
mensional control, structural, chemical bonding
and optical characterizations, and discussion on
the related growth mechanism are presented.

2. Experiment and methods

A horizontal one-side opened quartz tube (inner
diameter 50 mm, length 100 cm) was placed in-
side a high-temperature tube furnace as shown in
Fig. (a). The Cu template was deposited on a se-
ries of the cleaned polished Si substrate by thermal
decomposition of copper (II) oxide as tempera-
ture raised above 650 °C. A mixture of high pu-
rity ZnO (99.999%) and activated carbon powders
(mass ratio 1:2) was loaded at the end of a slen-
der one-end sealed quartz tube (inner diameter
12 mm, length 20 cm). The copper island-coated
silicon substrate was put into a small quartz tube
as a collector (Fig. (a)). Then the small quartz
tube with a reactive source and silicon or quartz
substrate was placed into a bigger quartz tube
and pushed to the centre of the furnace. The reac-

(a) (b)
Furnace
Quartz ampoule Quartz tube
Substrate
Reactant

Temperature (°C)

tants were heated at 1100 °C. The temperature of
the substrate region was lower than that of the re-
actants due to the temperature gradient, as shown
in Fig. (b). After 2 h sintering, the small quartz
tube was slowly cooled down to the room tem-
perature in air and drawn out from the furnace.
White and grayish-white colour products were
formed on the surface of the silicon substrate.

The morphology of materials on the substrate
was examined by a JEOL JSM-5910LV scanning
electron microscope (SEM). X-ray diffractometry
(XRD) patterns were obtained by a Siemens D5000
diffractometer using monochromatized Cu Ka ra-
diation (1 = 1.5418 A) under the accelerating volt-
age of 40 kV and the current of 40 mA with a nor-
mal 0-20 scan. Raman spectra of the sample were
measured by using a Renishaw micro-Raman Sys-
tem 1000 spectrometer with excitation from an Ar+
laser operating at 514.5 nm. Room-temperature PL
was measured using a Hg lamp with an excitation
wavelength of 365 nm.

3. Results and discussion

Figure P shows various morphology of pure ZnO
and Cu templated ZnO (ZnO/CuO) structures
on the Si substrate at different growth zones (or
substrate temperatures). The pure micro-/nano-
structure ZnO has a randomly columnar bone-
like structure, a branched hemisphere, a comb-
like cantilever and a random wire at different

Distance (cm)

Fig. 1. Diagram of the furnace tube (a) and temperature profile of the furnace versus the distance between
the substrate region and reactants (b). The temperature profile was measured using a ‘K’ type thermocouple.
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Fig. 2. Morphology of the pure ZnO and CuO_ template ZnO micro-/nanostructure on Si under different sub-

strate temperature.

temperature zones Z1, Z3, Z4 and Z5, respectively.
At the highest deposition temperature (Z1), the ma-
jority of the pure ZnO micro-/nanostructure con-
sists of straight rods with a variable direction and
diameter. Some of the rods merge together.
Hemisphere based wires (branched hemi-
spheres) are formed with vapour condensa-
tion selectively on the concave tips between
the branches where the chemical potential is
lower than the convex and flat surface sites [20].
The comb-like cantilever of pure ZnO micro-/
nanostructures is the result of surface polariza-
tion induced growth due to the chemically ac-
tive (0001) Zn [19, 21]. The comb structures have
comb teeth growing along [0001], the top/bot-
tom surfaces being +(0110) and the side surfaces
+(2110). The comb structure is an asymmet-
ric growth along Zn [0001] [21]. The positively
charged Zn* (0001) surface is chemically active
and the negatively charged O~ (0001) surface is
relatively inert, resulting in growth of long fingers
along [0001]. The Zn-terminated (0001) surface
has tiny Zn clusters, which could lead to self-cata-

lysed growth [21] without the presence of a foreign
catalyst [21]. Anisotropic growth appears to be
a common characteristic for the wurtzite family.
A similar saw tooth growth has been observed for
ZnS [22] and CdSe [23] and it is induced by Zn-
and Cd-terminated (0001) surfaces, respectively.
It was reported that ZnO wires might grow first
along the [0001] direction, and then ultrafine na-
noteeth might grow epitaxially along the [1120]
direction from the parent wires [21].

Finally, at the lowest deposition temperature
(Z5), the ZnO micro-/nanostructure wires were
randomly grown on the Cu nanoparticle depos-
ited Si substrate. Therefore, the substrate distance
from the source material and its temperature sig-
nificantly affect the obtained morphology. This
is most likely due to the variation in the rate of
condensation (solidification) of ZnO species.
The growth of the micro-/nanostructure is strong-
ly dependent on the reactant (Zn and O,), and
therefore depends on the geometry of the experi-
mental system, gas flow if any, as well as the type
of the starting material.
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Figure [ also depicts the morphology of CuO
templated ZnO (ZnO/CuO) micro-/nanostruc-
tures for the mass ratio of ZnO and C:Cu(II)O as
1:0.1 and 1:0.15. The substrate surface was covered
with a metallic Cu layer above the temperature of
650 °C (Cu wetting). Hence, a substantial coales-
cence between the Cu layer and Zn vapour induc-
es a special distribution of adsorbed Zn and con-
sequently the shape control of the ZnO micro-/
nanostructure during the growth process. Indeed,
the Cu metal catalyst induces the formation of
a multipod rod and a cage structure for the source
nutrient of 1:0.1 and 1:0.15, respectively.

The morphology of ZnO/CuO (mass ratio
1:0.1) micro-/nanostructures is javelin-shaped
tetrapods (tetrapods having trumpet like arms).
As can be seen, these javelins have a perfect hex-
agonal geometry. The average diameter of the jave-
lins is about 7.80 ym at the tip, and the average
base diameter is 3.64 ym, with 40.42 ym in length.
The orientation of the javelin growth is preferen-
tially along the direction of the ¢ axis ([0001]) be-
cause the c axis is perpendicular to the hexagonal
plane [@].

The coalescence appears to depend on
the thickness of the Cu layer or equivalently on
the distance between Cu particles. To minimize
the total surface energy, small Cu particles incline
to aggregate and form larger particles via the co-
alescence, leading to the growth of ZnO nuclei.
The average distance between two neighbouring
ZnO nuclei decreases quickly when the Cu layer is
thicker. To understand this coalescence between
Zn vapours in the presence of Cu particles, one
has to consider the high-temperature alloying
process between Zn vapour and Cu particles. At
the growth temperature >787 °C (25 in Fig. (b)),
the increase in the size of alloy droplets and its
surface diffusion can account for spatial distribu-
tion and relaxation of Zn vapour on the Cu tem-
plate as a catalyst.

After the supersaturation is reached, Zn prob-
ably condenses out of the Cu-Zn alloy nuclei to
form droplets. The size of the droplets is mainly
determined by the global Zn vapour pressure in
the furnace tube. To minimize the interface en-
ergy, the alloy nuclei tend to stay under the sur-
face of these liquid-state Zn droplets. A very
thin layer of Cu results in high density of Zn
droplets.

These Zn droplets may make contact with each
other and then merge into a continuous liquid-
state network. Because the active Zn shows a large
enthalpy of the formation of oxide [@], the inter-
facial interaction between the Zn and Cu template
(layer) is strong. This layer is stable at the deposi-
tion temperature between 787-1061 °C and pro-
vides migration paths for the coalescence of Zn
vapour in ambient air. In other words, the forma-
tion of a large scale metallic Cu layer occurs dur-
ing the coalescence of Cu nuclei and facilitates
the latter. As a result, larger Cu particles with
alower density are formed, which eventually leads
to the growth of ZnO sites.

On the other hand, when the original Cu layer
is thick, the Zn droplets are less likely to merge
with each other to form a continuous layer ow-
ing to the fact that the barrier potential is larger.
No continuous Zn layer is formed and Zn droplets
remain separated throughout the whole process,
leading to a rolled ZnO droplet (cage formation).
Therefore, a liquid-state Cu layer determines
the characteristics of the coalescent process and
the size distribution of the grown ZnO shells or
cages.

During the growth process in the presence
of Cu catalysis, this transient liquid-metal layer
gradually solidifies into separate ZnO geometries
which terminate the migration and coalescence of
Zu vapour. Naturally this ZnO layer emerges from
the oxidized Zn rolled layer on top of the oxidized
Cu template. There may be a close correlation be-
tween the ZnO coalescence and the formation of
a continuous Cu buffer layer underneath the ZnO
micro-/nanocages during the VLS growth. Such
a buffer layer underneath the ZnO micro-/nano-
cages has not been reported previously, however,
its role in the cage growth has not been elucidated
so far. In contrast to the pure ZnO micro-/nano-
structure, such buffer layer existed where the coa-
lescent events were inhibited, and all ZnO micro-/
nanocages grew directly on the Cu coated Si sub-
strate [@].

Because the formation of a template layer
underneath the ZnO micro-/nanostructure is
critically important to distribute spatially the Zn
vapour, the factors determining its onset and
characteristics to form separate Zn droplets are
the surface coverage of Cu islands on the substrate.
Regarding the first factor, the effect of oxidation
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competition between Zn droplets and Cu, different
Cu layer thicknesses and the effect of Zn pressure
demonstrate that they are also critical parameters.

By changing the composition of the source ma-
terial from 1:0.1 to 1:0.15, ZnO cages have been
grown. In the temperature zone of 1020-1060 °C,
balls and polyhedra are observed; some of them are
dispersed on the substrate and there appears to be
no correlation among them, while some of them
were formed in a higher temperature zone of typi-
cally 700-900 °C.

Figure E shows the X-ray diffraction pattern
of a pure ZnO comb-like cantilever and a CuO
templated ZnO javelin tetrapod and a polyhedral
cage. The diffraction pattern of hexagonal wurtzite
of the ZnO structure (JCPDS card No. 36-1451)
with own related planes is observed for the pure
ZnO comb-like cantilever. The diffraction peak
intensity from the (101) plane has vanished from
the sample deposited on the copper oxide tem-
plate. The X-ray diffraction results indicate that
the ZnO javelin and cage are grown with the ¢ axis
orientation on the CuO_template. The dominant
appearance of the (100) and (002) peaks of ZnO

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

20 (deg)

Fig. 3. XRD pattern of the ZnO-CuO, structure with
(a) 0, (b) 0.1 gand (c) 0.15 g Cu(II)O in nutrient ma-
terials.

shows its orientation relationship. The strong
(002) peak of pure ZnO and ZnO/CuO_ (1:0.1)
confirms the orientation of comb and javelin
growth, respectively. Dominance of the (100)
peak over the (002) peak for the source material
of 1:0.15 confirms stopping of one-dimensional
comb and rods growth along the (0001) direction
and appearing of three-dimensional cage growth.

In a hexagonal structure, the lattice constant is
calculated as [@]

2 2 2
1:;1{;1 +hk+k }1_ (1)

2 2
du a c

Using the (100) and (002) reflections and
the Bragg relation (2d sinf = 1), a and c are calcu-
lated as

4 A
= \[ , (2a)
3 2sin 6,y
and
A
C=— , (2b)
sin 0,

respectively. Cu enterance in the ZnO struc-
ture causes lattice expansion, because the Cu
atomic radius (1.73 f&) is larger than that of Zn
(1.67;'&) [H]. The ZnO lattice constant a = 3.2478 A,
¢ = 52061 A [E]. As shown in the XRD pattern,
the (002) peak is shifted towards the lower angle
due to the Cu diffusion into the ZnO structure.
This shift corresponds to an increase of the lat-
tice constant. The calculated lattice constants are
listed in Table 1. This dominant divalent state of
Cu ions results from the strong Cu-O bonding in
copper oxide, which also lowers the Cu solubil-
ity in ZnO. Hence, as seen from the XRD pattern,
Cu segregates in copper oxide phases: monoclinic
cupric CuO (a = 4. 6530A ¢ = 5.1080 A) and cu-
bic cuprous Cu,O (a = 4. 2520A [@] The growth
of CuO, underneath the ZnO structure causes
the lattice constants of ZnO to expand. It might
be due to the lattice misfit (mismatch) be-
tween adjacent phases and subsequent lattice
distortion.

The Zn-O bond length was calculated using [@]

\/az 1
[= |—+(=
3 2

—u)’ ¢, (3)
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2
where u=3a—2+0.25 is the potential parameter of
c

the hexagonal structure. The volume of a unit cell of
the hexagonal system was calculated from Eq. [@]:

V = 0.866a’. (4)

The out-of-plane and in-plane stress (o, ) in
the ZnO plane can be determined by [28]

Oout o [(Cbulk =€)/ Coulk }
=-233x10
[G } |:(abulk_a)/abulk ’ (5)

in

where a and c are the lattice constants of the ZnO
planes calculated from the X-ray diffraction
data, a_, and ¢, are the strain-free lattice pa-
rameters of ZnO. The negative sign of stress in-
dicates that the stress is compressive for the ZnO
comb-like structure (Table 1). The stress is tensile
when the ZnO micro-/nanostructure is grown on
the copper oxide template (Table 1). This increase
of tensile stress is due to the lattice distortion pro-
duced around a Cu atom inside the Zn-Cu-O lat-
tice and ZnO-CuO_ interface. The tensile stress
persists and the lattices are distorted due to low-
er crystallinity. The calculated constant c/a ratio
(1.6) shows that there is no change in the hexago-
nal wurtzite structure [@] caused by growth on
the CuO,_ template. The observed shift in the XRD
peak position, the d-value, cell parameters, bond
length, volume and stress confirm the distortion
of the ZnO structure.

Raman spectroscopy gives information on
the vibrational properties of ZnO micro-/nano-
structures. In the hexagonal structures with C}
symmetry like ZnO, six sets of phonon normal
modes at the I point (centre of the Brillouin zone)
are optically active modes [ﬁ]. The phonons for
wurtzite ZnO belong to the following irreducible
representation:

[=A +E +2B +2E, (5)

The A, and E, modes are polar and split into
transverse optical (TO) and longitudinal optical
(LO) components. The E, modes are Raman active
only. The B, modes are infrared and Raman inac-
tive or silent modes. It is known that the E, (low)
mode in ZnO is associated with the vibration of
the heavy Zn sub-lattice and the E, (high) mode in-
volves only oxygen atoms.

The E, (high) mode is characteristic of
the wurtzite phase [R9]. Figure @ shows the Ra-
man spectrum of CuO_ templated ZnO along
with the spectrum of the pure ZnO for compari-
son. They are clearly indicative of a good wurtz-
ite structure of the pure and ZnO/CuO,_ material.
From Fig. @ one observes the effect of the CuO,
template on the E, (high) mode of ZnO since its
intensity decreases. The Raman signal indicates
peaks at 446 and 444 cm™ for the pure ZnO and

Raman intensity (a.u.)

Raman shift (cm™)

Fig. 4. Raman spectra of the pure ZnO and ZnO/
CuO_ structure.

Table 1. The observed shift in the XRD peak position, cell parameters, bond length, cell volume and out- and

in-plane stress in the ZnO comb, javelin and cage.

ceozno | 206 | k) | ad) | cd) | fg ‘zﬁij\) V‘?lz{ge Ol;tt-r(e)?spijne Isrtlrgsls o
(GPa) (GPa)

0:1 iiggii E(l)ggg 3.2470 5.1711 1.9724 47.2134 -1.5664 -0.0574
0.1:1 ;i;i;(z) E(l)gg; 3.2551 5.2365 1.9836 48.0494 1.3606 0.5237
0.15:1 ;11247128 E(l)gg; 3.2622 5.2365 1.9865 48.2592 1.3606 1.0331
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Zn0O/CuO_ material that shifted in the signal at
~437 cm™ for the ZnO micro-/nanostructure,
which was also shifted in comparison to the Ra-
man signal at ~437 cm™ for the ZnO micro-/
nanostructure grown by other techniques [@].
The Raman line of the E, (high) mode becomes
broad and weaker, which means that the wurtz-
ite crystalline structure of ZnO is weakened by
high CuO_ templating and due to the formation
of complex defects [Cu, -Zn ]* in the CuO ~ZnO
interface. The frequency shift was explained by al-
loy potential fluctuation (APF) using the spatial
correlation model by Samanta et al. [B1]].

The intense peak near 439 cm™ due to the E,
(high) mode displays a clear asymmetry toward
low frequencies. The asymmetric line shape has
been successfully explained and analysed by
Cusco et al. [@], in terms of resonant anharmon-
ic interaction of the high-E, mode with a band of
combined transverse and longitudinal acoustic
modes, as the steep variation of the two-phonon
density of states around the high-E, frequency
leads to a distorted phonon line shape. Mixing
of two different cations through doping in a solid
solution could affect the local polarizability by
charge distribution and result in at least one vi-
brational mode being strongly influenced [].

In addition to the XRD pattern of pure ZnO
and ZnO/CuO,, high-E, frequency in Raman
spectra confirms the formation of a ZnO hexago-
nal wurtzite structure. As shown in Fig. @, there
is no significant difference in the Raman spectra
of the pure ZnO and ZnO/CuO_ heterostructure.
The lower Raman peak in the ZnO/CuO_ hetero-
structure in comparison to that of the pure ZnO is
related to a lower crystallinity that is in agreement
with the XRD pattern.

Figure E depicts the variation of the bandgap
energy of pure ZnO and ZnO/CuO_ heterostruc-
ture absorption spectra. The CuO_ template and
the distribution of Cu species during nucleation
growth cause changes in the shape of ZnO from
a teeth-like structure to a javelin and, finally,
a cage structure. On the other hand, the band-
edge of ZnO/CuO_ is redshifted in comparison to
the pure micro-/nanostructure. It is worthwhile
to notice that the bandgap shrinkage of the ZnO/
CuO_ heterostructure cannot be substantially de-
pendent on the morphology of the ZnO micro-/
nanostructure. But the CuO_ template signifi-

0.15 g Cu(I)O/1 g ZnO-C
ZnO cage

(«E)? (a.u.)

Eg =347 eV

0.1 g Cu(I1)0/1 g ZnO-C
ZnO javelin

(aE)? (a.u.)

Eg =3.6eV

1g7Zn0O-C
ZnO teeth

(aE)? (a.u.)

Eg =3.7¢eV

E(eV)

Fig. 5. Absorption spectrum of (a) the pure ZnO
teeth, (b) the ZnO javelin on the CuO, template with
0.1 gand (c) the ZnO cage on the CuO, template with
0.15 g Cu(II)O in nutrient materials.

cantly causes the bandgap to reduce. Depending
on the processing parameters during deposition,
copper oxide can exist in two crystalline phases
with p-type conductivity: a cuprous oxide (Cu,0)
cubic structure with a direct band gap range of
2.1-2.6 eV and a cupric oxide (CuO) monoclinic
structure with a direct band gap of 1.3-2.1 eV.
These oxides exhibit a high absorption coeflicient
in the visible region and can be grown by a variety
of techniques [ﬁ, ]. The out-plane and in-plane
stress (Table 1) can provide another mechanism to
bandgap narrowing.

3.3.4. Photoluminescence study

Figure E(a) shows the PL spectrum of ZnO
branched hemisphere and comb-like cantilever
structures. The branched hemisphere has only
a green emission around 545 nm, but the comb-
like cantilever has two emitting bands including
a UV emission at around 393 nm and as well as
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a green band around 521 nm. The comb-like can-
tilever structure exhibits near-band-edge emis-
sion (NBE), in comparison to the branched hemi-
sphere structure, due to a good crystalline quality
in the comb-like cantilever [@]. The difference
between the green emission from the comb-like
cantilever and the branched hemisphere struc-
tures is related to defect concentration.

It has been suggested that the green band emis-
sion corresponds to the singly ionized oxygen va-
cancy in ZnO and results from the recombination
of a photogenerated hole with the singly ionized
charge state of this defect. The stronger the in-
tensity of the green luminescence is, the more
singly ionized oxygen vacancies are [, @]. For
the green emission, though a number of hypoth-
eses have been proposed, some assignments are
highly controversial. Typical works reported that

(a)

PL intensity (a.u.)

A (nm)

PL intensity (a.u.)

A (nm)

the transitions might occur between singly ion-
ized oxygen vacancies and photoexcited holes, or
electrons close to the conductive band and deeply
trapped holes at V’* antisite_oxygen, zinc inter-
stitials, zinc vacancies, etc. [@, ]. The yellow-
orange band emission is attributed to the oxygen
interstitial defects located in the bulk [@, @].
Figure E(b) shows the PL spectrum of the ZnO
javelin-like tetrapod and curved tip rod structures.
The ZnO javelin-like tetrapod structure has only
a green emission around 523 nm. The ZnO curved
tip rod structures have three emitting bands, in-
cluding a strong ultraviolet emission-excitonic
recombination at around 388 nm, a blue band
(486 nm) as well as a green band (523 nm) ob-
served. The UV emission must be contributing to
the near band edge emission of the wide band-gap
ZnO. The observation of the blue band emission

(b)

PL intensity (a.u.)

PL intensity (a.u.)

A (nm)

Fig. 6. Absorption spectrum of (a) the pure ZnO teeth and the CuO_ templated ZnO with (b) 0.1 g and

(c) 0.15 g Cu(II)O in nutrient materials.
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(486 nm) of the ZnO film has also been report-
ed [@], using cathodoluminescence. Figure E(c)
also depicts a weak red emission of the ZnO
polyhedral cage around 650 nm, which may be
attributed to the contribution of Cu template
oxidation.

4. Conclusions

Zn0O/CuO, hetero-micro-/nanostructures were
synthesized by the carbothermal reduction-
chemical vapour transport method. This work
is focused on tuning the shape and geometry of
the ZnO micro-/nanostructure to the substrate
temperature, Cu catalyst layer. The thermally oxi-
dized Cu template underneath the ZnO structure
(ZnO/CuO_ heterostructure) affects its structure
and chemical identity, optical and photolumi-
nescence properties. A stable hemisphere based
wire, a comb-like cantilever, a javelin-like tetra-
pod, a spherical and polyhedral cage of a hexago-
nal wurtzite structure of the ZnO micro-/nano-
structure are formed depending on the deposition
condition. The absorption edge of the ZnO/CuO
heterostructure is redshifted in comparison to
the pure ZnO structure. It is possible to tune
the PL spectra from green to UV and, finally, red
emission by growth temperature and precursor
composition.
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