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Abstract

ZnO micro and nanostructures were grown on copper coated silicon substrates using two different systems: an opened system (both ends
opened tube) and a closed system (one closed end tube). The thermodynamic conditions of the systems made a significant difference in boundary
layer and super-saturation between the systems. The results indicate that diffusion of the gaseous species through the boundary layers at low and
high pressures controls the final formation of the morphologies. The ZnO nanostructures which have been grown in a restricted place have larger
diameters and lengths. The structure of the products was analyzed by X-ray diffractometer (XRD) and it was found that the good crystalline
quality of the samples was obtained in a closed system. To study the optical properties, photoluminescence (PL) and ultra violet—visible (UV-vis)
spectroscopy were employed. It was observed that a decrease in the growth temperature of the opened system caused a broad and dominant

visible emission covering the blue and green emission in the PL spectra.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Hierarchical structures are new class of materials formed by
combination of two types of semiconductors or metal oxides such
as Zn0O, TiO2, ZnS, CdS, CuO and so on. The coupling between
two different semiconductor oxides can improve the optical
properties by shifting absorption edge toward the higher wave-
length and changing the band gap [1,2]. Zinc oxide is a widely
studied n-type semiconductor, with wide direct band gap (Eg=3.37
eV) and high value exciton binding energy (~60 meV) and has
been used in optoelectronic devices, UV detection lasers, and
sensors [3,4]. On the other side, copper oxide is a metal oxide with
a narrow direct band gap of 1.2 eV, p-type semiconductivity and
sensing properties. Thus, the chemical compatibility of ZnO with
other oxide materials such as CuO provides a p—n semiconductor
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heterojunction, making it a promising candidate for applications in
humidity and gas sensors [5,6]. Various methods have been used
to fabricate ZnO nanostructures including PLD [7], physical vapor
deposition (PVD) [8], chemical vapor deposition or vapor phase
transport (CVD, VPT) [2,9,10], solvo- and hydro-thermal [11,12],
sol—gel [13,14], combustion [15], and sonochemical [16]. Among
of these methods, VPT is the common method that has been used
to prepare high purity of ZnO nanostructures [17,18]. In this
method the morphology of micro and nanostructures depends on
the growing conditions including the position of substrates, source
materials, gas flow rates, substrate temperatures and difference in
vapor super-saturation. Depending on the different vapor super-
saturation and distance between sources to substrate, various kinds
of morphologies, such as wires, rods, disks and flowers could be
obtained. A variation in the gas flow rate affects the qualitative
super-saturation profile and consequently the structural, electrical
and optical properties of ZnO micro and nanostructures.

In this work, we study the effect of boundary layer thickness
on the morphological and optical properties of ZnO micro and
nanostructures grown on copper coated silicon substrates using
a vapor phase transport (VPT) method. Two types of quartz
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tube were used to apply different thermodynamic conditions
on the samples. The relation between optical properties,
morphologies, and thermodynamic condition is discussed in
details. Finally, the effect of vapor super-saturation on the
optical properties of the samples is investigated.

2. Materials and methods
2.1. Experimental

Silicon (111) was used as substrate and first ultrasonically
cleaned in acetone and ethanol for 30 min. A thin layer of copper
with 50 nm thickness was deposited on the substrates by the
sputtering technique (Kurt J. Lesker 75). The setup included a
both ends opened (B.E.O) quartz tube and one closed end (O.C.
E) quartz tube. A mixture of zinc oxide (99.99%) and commercial
graphite powder (1:1 weight rate) was loaded onto the alumina
boats which were transferred to the quartz tubes at the central of
an electrical furnace tube (100 cm length and 5 cm diameter) as
shown in Fig. 1.

The copper coated silicon substrates were adjusted in near,
middle and far from the source in the quartz tubes. Based on the
furnace temperature calibration, the temperatures of the substrates
were fixed at 800, 650 and 500 °C, respectively. The furnace was
heated up to 900 °C with heating rate of 20 °C/min. Pure nitrogen
gas was fed into the furnace tube at a constant flow rate of
70 scem (standard cubic centimeters per minute) When the tem-
perature of the furnace reached at 800 °C. The temperature of the
source (900 °C) and gas flow rate were kept constant during the
growing process for 1 h. Finally, the electric furnace was natu-
rally cooled down to the room temperature.

The products were characterized by a field emission scan-
ning electron microscopy (FESEM, JSM 6700) and X-ray
diffractometer (XRD, Shimadzu 6000) employing CuKa
(0.154 nm) radiation. The PL measurements were performed
at room temperature by a fluorescence spectrometer (LS 55, Xe
lamp). Absorption plots of the samples were obtained using
ultraviolet—visible spectroscopy (UV-vis 3600 SHIMADZU).

2.2. Theory of the growth mechanism in different conditions

In the O.C.E system, diffusion of the gaseous species from
regions of higher concentration to regions of lower concentration
inside the quartz tube causes gaseous species to flow down-
stream. In this system, diffusion can still occur when there is no
concentration gradient but there is a spatial difference in the
chemical potential. In the B.E.O system, the gaseous species are
transferred from the source region to the substrate with the
assistance of gas flow across the temperature gradient.

Fig. 1. Schematically illustration of the O.C.E and B.E.O systems.

One-dimensional diffusion of a gas described by Fick's first
law:

de(x)
d(x)

Where J is the diffusion flux (amount of substance per unit
area per unit time), D is the intrinsic diffusion coefficient and ¢
is concentration at x.

In both systems, the gaseous species transport from the source
region to the substrates through a layer of reduced velocity vapor,
called boundary layer, as shown in Fig. 2. The gas flowing in the
B.O.E tube must diffuse through the boundary layer to reach to
the surface of substrate. The main difference between the
thickness of the boundary layer in the O.C.E and B.O.E tube
systems is due to the gas velocity. In the B.O.E tube the thickness
of the boundary layer is lower than that of the B.O.E. The
thickness of the boundary layer affects the surface reaction,
adsorption and determine the overall growth rate obtaining
different morphologies. Dependence of the growth rate on
substrate orientation is a sign of this claim. When the gaseous
species reach the surface, adsorption and chemical reactions
occur on it. In this situation, the boundary layer transports the
diffused atoms to growth sites providing nucleation and final
morphology.

J=-D

3. Results and discussion

Fig. 3 shows the FESEM images of the as-grown ZnO micro/
nanostructures on the copper coated Si (111) substrates using two
different tube systems. Fig. 3a and b shows the growth of short,
thin and sparse wires on the surfaces grown in both of the tubes
at 800 °C, which is the highest substrate temperature and closer
to the material source. Fig. 3a exhibits multipods crystal consists
of a number of legs unite at the same junction with several
micrometer lengths and 100-150 nm diameter. Also, Fig. 3b
presents the growth of dense and long nanospears with an
average diameter of 100-150 nm. The high temperature and
pressure in this area increases the thickness of the boundary layer
and limits the gaseous species to diffuse through. Therefore, a
high rate of desorption and revaporation due to the high
temperature and sufficient energy of the vapors causes a rapid
nanowire growth with a minimum nanocrystal diameter.

At low pressures and temperatures, the boundary layer is thin
and gaseous species easily diffuse through the boundary layer.
In these conditions, surface reactions are the main factor to
control the growing rate. Fig. 3c and d shows the obtained
morphologies at 650 °C. Bunches of grapes-like ZnO structure
were observed on the surface of substrate placed into the B.E.O
tube. The grapes ranged from 100 to 500 nm. In opposite, the
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Fig. 2. Tllustration of a boundary layer.
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Fig. 3. FESEM images of the as-grown ZnO micro/nanostructures on the copper coated Si (111) substrates using two different system geometries and substrate

temperatures. (a), (c) and (e) B.E.O tube and (b), (d) and (f) O.C.E tube.

ZnO club-like ZnO structure was obtained on the surface of the
substrate placed into the O.C.E tube at the same temperature
(Fig. 3d). The clubs represented a hexagonal cross-section at the
end and tended to align quasi-vertically along the normal to the
substrate. The length of clubs is several micrometers with average
diameter of 400-500 nm.

Fig. 3e shows flower-like ZnO morphology obtained using
the B.E.O tube at the lowest temperature zone (550 °C) and
formation of barbecue-like ZnO structures at about 550 °C in
the O.C.E tube is shown in Fig. 3f. The barbecues composed
several pieces with different shapes and sizes. Some nanowires
like skewer are present among the pieces. Because this sample
was close to the open tube edge and therefore, the collision

between ZnO vapors and N, affected the flow uniformity of
the ZnO vapors in this zone, resulting in formation of ZnO
pieces with different shapes and sizes.

The crystal structures of the products were investigated using
XRD analysis. Fig. 4 shows the XRD patterns of the samples
grown by different system geometries and substrate tempera-
tures. The observed peaks in the patterns can be indexed to a
hexagonal wurtzite structure of ZnO (JCPDS No. 800075). The
patterns exhibit two main peaks of CuO (111) and Cu (111)
(JCPDS No. 0011117 and 0851326). The presence of the copper
oxide peak is due to the oxidation of copper at the temperature
above 550 °C. For sample (f), the copper oxide peak was not
detected. The possibility of the low temperature and inadequate
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Fig. 4. XRD patterns of the samples grown by different system geometries and
substrate temperatures (a), (c) and (e) B.E.O tube and (b), (d) and (f) O.C.
E tube.

of oxygen in its region cannot be ruled out. The XRD results
also represent that the preferred orientation of sample (d) is
(002). This c-axis preferred orientation agrees with the

corresponding FESEM image. Some structural parameters of
the patterns are listed in Table 1. A comparison between the first
two peaks of the ZnO patterns indicates that the full width at
half maximum (FWHM) of the samples, which have been
grown using the O.C.E tube is smaller than those of the samples
grown using the B.E.O tube. This means the samples grown
using the O.C.E tube exhibit a better crystallite quality compared
to the one grown in B.E.O.

Fig. 5 displays the room temperature PL spectra of the
samples. The ultraviolet (UV) emission band is attributed to
the near-band edge (NBE) free exciton transition from the
localized level below the conduction band to the valance band
[19]. Voss et al. [20] reported that different growth conditions
change the relative contributions of free exciton emission and
phonon. The relative contributions influence the position of the
near-and-edge emissions in the range of 373-390 nm.

As mentioned earlier, the boundary layer thickness depends
on temperature and pressure. The intensity of the UV peak is
found to be increased with the increase in boundary layer
thickness , accompanied by narrowing of the peak in both
tubes. The improved UV emission of the samples is assigned
to their better overall crystallinity. It can be explained as a

Table 1
A comparison between the first two peaks of the ZnO XRD patterns.

Sample XRD peak Degree Temperature (°C) Type of tube FWHM
a (100) 31.85 ~800 B.E.O 0.1574
(200) 34.42 ~800 O.CE 0.1200
b (100) 31.84 ~800 B.E.O 0.1378
(200) 34.45 ~800 O.CE 0.0984
c (100) 31.83 ~650 B.E.O 0.3542
(200) 34.44 ~650 O.CE 0.1378
d (100) 31.84 ~650 B.E.O 0.0960
(200) 34.52 ~650 O.CE 0.3600
e (100) 31.86 ~550 B.E.O 0.3936
(200) 34.56 ~550 O.CE 0.3149
f (100) 31.85 ~550 B.E.O 0.2755
(200) 34.47 ~550 O.CE 0.2588
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Fig. 5. PL spectra of the as-grown ZnO micro/nanostructures on the copper
coated Si (111) substrates using two different system geometries and substrate
temperatures. (a), (c) and (e) B.E.O tube and (b), (d) and (f) O.C.E tube.
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Fig. 6. Absorption spectra of the as-grown ZnO micro/nanostructures on the
copper coated Si (111) substrates using two different system geometries and
substrate temperatures. (a), (c) and (e) B.E.O tube and (b), (d) and (f) O.C.
E tube.

reduction of strain and defects as well as an improvement in
crystallite size as supported by the structural investigations.

UV/DLE ratio is one of the main factors that uses for
comparing optical properties between samples. The nanostruc-
tures grown in the O.C.E tube exhibit a stronger UV peak and
a weaker visible emission peak than those in the B.E.O tube.
Thus, the UV/DLE ratio of the samples grown in the O.C.E
tube is bigger than that in the B.E.O tube. Therefore, the
crystalline quality of the products grown in the O.C.E tube is
higher than that of in the B.E.O tube.

In the high temperature zone where the boundary layer is thin,
the P1 behavior of samples a and b is similar. Comparison between
the samples grown at high and low temperatures indicates that the
thickness of the boundary layer affected the crystallinity of the
samples. The boundary layer transports the diffused atoms to
growth sites providing the nucleations and final morphology.
At high temperature, the growing rate is very fast, so the gas flow
has a lower effect on nucleation and formation of samples.

The visible light spectra region includes one or more emission
bands which originate from different deep-level emissions
(DLEs). They mainly relate to various defects. A number of
hypotheses have been suggested for each defect emission. Thus,
difference in the UV emissions can be attributed to the growth
conditions and methods. As mentioned before, the visible
emission comprised of blue and green bands. The blue emission
originates from radiative defects at the interface of ZnO
components or interstitial Zn [21]. As a controversial visible
emission band in ZnO, green emission has been studied and a
variety of hypotheses have been suggested to explain it, including
copper impurities [22], Zn vacancies [23] and singly ionized
oxygen vacancy [24]. Based on the FESEM images, the
dimension of ZnO nanostructures grown using O.C.E tube is
larger. In the O.C.E tube, the amount of oxygen is more due to
reduction of ZnO, thus the green emission is reduced due to the
O,-rich atmosphere. Thus, the intensity of the green emission in
the samples can be attributed to the singly ionized oxygen
vacancy (VO) in ZnO nanostructures.

The optical property of ZnO nanostructures was also investi-
gated by UV-visible absorbance spectroscopy. Fig. 6 shows the
result of the absorption spectrum for the nanostructures grown in

two types of tubes. As a point of reference, the absorption of
typical ZnO structures grown on clean silicon substrates at 800 °C
using both methods are shown as well. The absorption edges of the
pure ZnO samples grown using the B.E.O and O.E.O tubes can be
seen at 370 and 380 nm, respectively. The absorption edge shifts to
the higher wavelength with increasing the substrate temperature.
The red shift may be due to the quantum size effect. Comparison
between the pure ZnO and Cu—ZnO nanocomposites indicates that
the intensity of the absorption in range of 400500 nm reduced by
introducing copper on the substrate surfaces.

4. Conclusion

Two sets of ZnO nanostructures were grown on copper
coated silicon substrates in different tubes using the vapor phase
transfer method. The setup included two types of quartz tubes
(both ends opened tube and one closed end tube). The boundary
layer transports the diffused atoms to the growth sites providing
nucleation and final morphology. The results showed that the
samples grown in the one closed end tube have bigger diameters
and lengths. The pressure and temperature at substrate positions
affected the thickness of the boundary layer over the substrates
surface and various morphologies of ZnO were obtained. The
formation of various morphologies is due to the thermodynamic
conditions inside the tubes. The intensity of the UV peak is
found to be increased with the boundary layer thickness,
accompanied by narrowing of the peak in both tubes. In the
O.C.E tube, the green emission of the PL spectra reduced due to
the O,-rich atmosphere.
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