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This study reports the fabrication of a bi-structured zinc oxide (ZnO) film via electrodeposition onto
conductive coated glass. The produced ZnO film exhibits a polycrystalline nature with preferential
orientation toward the c-axis. Scanning electron microscopy (SEM) images of the film show the
presence of two structures: the bottom layer consisted of sub-micron particles with a hexagonal
structure, and plate-like structures of ZnO grew on the top of the hexagonal particles. The ZnO
exhibited a weak emission in the UV band and no visible emissions were observed. Blue and red
emissions appeared at 2.83 eV and 1.63 eV, respectively, and were attributed to the defect
concentrations of oxygen interstitials and zinc vacancies.
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1. INTRODUCTION

The unique features of the semiconductor ZnO have attracted the attention of several research
groups because of the strong potential of this material for various applications [1, 2]. The
semiconductor and piezoelectric properties of ZnO make it suitable for a wide range of device
applications [3, 4]. Zinc oxide is a wide-band-gap (Eg = 3.37 eV) semiconductor with a high exciton
binding energy (60 meV). This high binding energy ensures efficient exciton emission at room
temperature under low excitation energy and makes it a suitable candidate to replace gallium nitride
(GaN) in UV detectors, light-emitted diodes (LEDs) and UV diode lasers (DLs) [1, 4-6]. An advantage
of ZnO thin films is that they can be prepared using a variety of methods, including sputtering
deposition[7], oxidation [8], thermal evaporation [9] and electrodeposition [10]. The electrodeposition
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method has received increased attention for the production of ZnO films; its advantages include being
simple, inexpensive, and suitable for large-area substrates. The process uses zinc chloride (ZnCl,) or
zinc nitrate Zn(NQOg3), as a precursor [11]. The method utilises a low cathode voltage or current to
produce the ZnO films on any conductive substrate [12]. The method generates hydroxide ions at the
surface of an electrode through the cathodic reduction of the oxygen precursor. The main oxygen
source for this reaction is dissolved molecular oxygen or nitrate ions [13]. The structures of the
prepared ZnO films can be tailored by controlling the deposition parameters, such as the precursor
concentrations, applied voltages, the temperature of the solution and the substrates used [14, 15].

The photoluminescence (PL) of ZnO has been intensively studied by several groups [16, 17].
The purpose of these studies was to elucidate the origin of different emission bands that are related to
different origins of the defects in ZnO [16]. The emissions of ZnO are affected by different preparation
conditions, such as the oxygen pressure, the growing temperature [18], the post-annealing temperature
and the use of different atmospheric gas annealing processes [19, 20]. Recently, the effect of different
deposition time at a constant current (2 mA.cm™) show the growth of bi — strictures of the ZnO
prepared via cathodic electrodeposition method. The SEM results show the growth of a 2D plate like
structures fallows by the grown of urchins like structure [21].

Despite several published works that address the electrodeposition process, few of the
published studies involve a high cathodic voltage. In this work, we report the growth of ZnO films at a
high cathodic voltage. The resulting film exhibits bi-structure morphology. The structural and optical
properties of the ZnO films produced using the electrodeposition method are investigated.

2. EXPERIMENTAL DETAILS

Bi-structured ZnO thin films were prepared via an electrodeposition method on a glass-slide
substrate coated with a conductive layer of indium tin oxide (ITO) (BSJ Group, China). The sheet
resistance of the ITO was approximately 20 Q/sq. The glass slide was cut into pieces with dimensions
of 1.0 x 1.5 cm? and was cleaned using ultrasonic cleaning method. Acetone, ethanol, and deionized
water were used for this process, and then the glass slides were dried in flow of air. The electrolyte was
an aqueous solution of zinc chloride (ZnCl,), which served as a zinc source, and potassium chloride
(KCI) to ensure good conductivity in the aqueous solution; both compounds were reagent grade and
were obtained from Merck. The aqueous solution was prepared using a 15 mM ZnCl, and a 0.1 M KCI
both salts were dissolved in 100 ml of deionised water (resistance ~ 18 MQ).

Two electrodes cell was used to produce the ZnO. The ITO substrate was used as a working
electrode, whereas high-purity platinum wire (Pt) with a diameter of 0.5 mm was used as a counter
electrode. The voltage was fixed at -2.2 VV with reference to the Pt electrode. The electrolyte was
maintained at 80 °C using a water bath and was continuously stirred using a hot-plate stirrer. During
the electrodeposition, atmospheric air (as the oxygen source) was bubbled at a low flow rate through
the solution near the ITO substrate to maintain a relatively high level of dissolved oxygen in the
solution. The dissolved oxygen is essential for the oxide growth (ZnQO). After the negative potential
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was applied to the working electrode, the reaction was initiated. The deposition reaction in the
electrolyte can be written as [10]:

Zn2*+10 +2e” —Zn0 (1)
2 2

The growth time was fixed at 90 minutes. An Agilent E3631A DC power supply was used as a
voltage source. The produced sample was carefully rinsed with deionised water to remove the chloride
salts and was subsequently dried on a hot plate at 80 °C for 15 minutes. The prepared film was post-
annealed at 500 °C for 1 hr under ambient atmospheric conditions in a controllable tube furnace.

The surface morphology and the phase structure of the ZnO film were investigated using
scanning electron microscopy (SEM), which was conducted on a Zeiss LEO 1450VP scanning electron
microscope. Energy-dispersive X-ray spectroscopy (EDX, Oxford Inca) was performed to determine
the elemental composition. X-ray diffraction (XRD, Bruker D8 ADVANCE) was used to identify the
phase structures. The XRD unit was equipped with a copper (Cu) target that emits X-rays with a
wavelength of 0.154 nm at an operating voltage of 60 kV and a current of 60 mA. For the optical
emission measurements, the photoluminescence (PL) spectrum was recorded using an Edinburgh
Photonics FLS920 equipped with a xenon lamp (450 W). The measurement range was 320 to 800 nm,
and the excitation wavelength was 300 nm. All the measurements were performed under atmospheric
conditions (21 °C and 50% relative humidity).

3. RESULTS AND DISCUSSION

3.1. The morphology and structure of the produced ZnO films

The as grown samples show continues white colour film indicating the growth of ZnO. The
SEM images of the produced ZnO film are shown in Fig (1). The bottom image shows the morphology
of the ZnO film prepared using a cathodic voltage of -2.2 V for 90 minutes. The surface was covered
with hexagonal 2D plate-like structures, which grew vertically on the substrate. The upper right-hand
side of the image shows a magnified view of these structures. This structure has been previously
reported by several groups who used coated glass with transparent conductive layers [15, 22]. At
increased magnification, the SEM shows a base layer of particles with a clear hexagonal structure of
ZnO and an average grain size of 530 + 20 nm. The decrease of the potential field as the ZnO layer
becomes thicker may be the cause of such phenomena [15]. The earliest step in the growth of ZnO on
the 1TO-coated glass shows the growth of hexagonal planes with a (001) orientation because the
conductivity of the substrate is still not affected by the ZnO thickness. As the growth time is increased,
more CI ions are adsorbed onto the (001) face by electrostatic forces, which may limit crystal growth
along the (001) direction. Additional charge density that is accumulated on the surface results in the
growth of the plate-like structures [22].
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The XRD pattern of the prepared ZnO film is depicted in Fig (2). The diffraction peaks related
to the ITO-coated glass are indicated with an asterisk (). The pattern proves the polycrystalline nature
of the produced ZnO. According to JCPDS card 036-1451, the resulting patterns matched well with
that of the hexagonal (wurtzite) crystal structure of the ZnO

Mag= 1.00KX WD= 7mm y
EHT = 15.00kV  Signal A = SE1 Dalecsto0d 2012

Figure 1. The morphology of the ZnO film produced at a cathodic voltage of -2.2 V. The bottom area
shows the total area, the upper right-hand side shows the 2D plate-like structure (the bar length
represents 1 micron), and the upper left-hand side shows the hexagonal particles (the bar length
represents 200 nm).

The peaks of the ZnO film appeared at Bragg angles of 31.78°, 34.43°, 36.25°, 47.58° and
56.63°; these peaks represent the (100), (002), (101), (102) and (110) phases, respectively, of the
hexagonal structure of ZnO (JCPDS 036-1451).

The high intensity of the peaks demonstrates the high quality of the produced ZnO film. The
most intense peak in the XRD pattern is the (002) reflection, which indicates that the ZnO grew
parallel to the c-axis of the hexagonal structure.

The XRD results agree with the SEM image, which shows that the bottom layer consisted of
hexagonal particles that grew perpendicular to the surface. The plate-like structures grew horizontal to
the c-axis, which resulted in the (100) and (101) reflections in the XRD pattern of the structure. The
lattice constants (a and c) of the hexagonal structure can be calculated from the following relationship
[23]:
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where d(hkl) represents the lattice spacing, and h, k and | are the Miller indices. The results
indicate that a = 3.250 nm and ¢ = 5.2094 nm. Both of these values are in good agreement with the
lattice constants reported in the JCPDS database (a = 3.24982 nm and ¢ = 5.20661 nm).

X-ray profile analysis allowed the microstructural characterisation of the produced ZnO film to
be investigated based on the broadening of the peaks. The microstrain (g) and crystallite size (D) can
be calculated from the corresponding Williamson—Hall (W—H) plot with the following relation [24,
25]:

pcosd 1  egsind

A D A
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where A, B and 6 represent the Cu wavelength (0.154 nm), the full-width at half-maximum

(FWHM) of the peak and the Bragg angle, respectively. As evident from Eq. (3), a plot of @
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will result in a straight line, where the intercept on the Y-axis reveals the particle size

that corresponds to zero strain; the strain ¢ is determined from the slope of the line. The results show
that the mean crystallite size and the microstrain of the prepared ZnO were 33 nm and 29.8 x 10,
respectively.
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Figure 2. The XRD pattern of the produced ZnO film. The asterisks (*) denote peaks attributed to the
ITO substrate.
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The composition analysis via EDX for both structures indicated the presence of only Zn and O.
The atomic percentages of Zn and O were 46.57% and 53.43%, respectively, for the 2D plate-like
structure, whereas they were 48.34% and 51.66%, respectively, for the hexagonal particles. The ratio
of the Zn:0O in the 2D plate structure was higher than the bottom one.

3.2. Emission properties

The room-temperature PL spectrum of the prepared ZnO thin film on an ITO glass substrate
collected under an excitation wavelength of 300 nm is depicted in Fig. (3). The spectrum shows weak
UV emission peaks at approximately 3.24 eV (382 nm) and 3.13 eV (396 nm). These two weak peaks
may be attributed to the two-phonon replicas due to two transverse optical phonons with a separation
of ~ 108 meV [16]; this value agrees with that in the study case.
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Figure 3. The PL spectrum of a ZnO film grown on ITO glass at room temperature.

Notably, no clear visible emission (green—yellow) was evident in the PL spectra of the
produced ZnO sample. The absence of the green—yellow emission was attributed to the limitation of
the oxygen vacancies [17, 19], which was demonstrated by the EDX results of the produced ZnO
films. A strong emission band at 2.83 eV (blue band) was observed. The emission was attributed to
several origins: the electron transition from the shallow donor level of the oxygen vacancy and the zinc
interstitials to the valence band. However, the theoretical calculation using the (FP-LMTO) method
[17, 20, 26] suggested that the emission is attributable to the recombination between the zinc
interstitial (Zn;) energy level and the zinc vacancies level (Vz,) [17]. This hypothesis was proved
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experimentally using the electroluminescence measurements of undoped ZnO [17]. The result of this
transition is consistent with the photon energy of the blue emission observed in this study (2.83 eV).

Another weak emission was observed at 2.66 eV, which resulted from the V,, [16]. The last
emission band was a strong emission (red-NIR) at 1.62 eV. This emission has been rarely observed in
the PL spectra of pure ZnO [16]. The red line emission was attributed to the superposition of emissions
related to the oxygen O; and Vo [17].

The emissions that arise from the defect levels in ZnO result from extremely complex
processes and are still not fully understood. Nevertheless, in this study, it is suggested that the zinc
vacancies and oxygen interstitials were responsible for the origin of this band; as confirmed by the
absence of the green—yellow band, the oxygen vacancies were limited. Moreover, this explanation is in
agreement with the EDX results of the prepared ZnO samples, as was previously discussed. This work
is still in progress to complete the study.

4. CONCLUSION

Bi-structured ZnO films were electrodeposited onto ITO glass. The cathodic voltage was fixed
at -2.2 V, and the reaction time was fixed at 90 minutes. The XRD pattern of the produced layers
indicated the polycrystalline nature of the films. Furthermore, the SEM images reveal the bi-structural
nature of the ZnO. The bottom structures were highly dense hexagonal particles, and plate-shaped
structures grew on top of this base layer. The photon emissions of the produced ZnO film was in the
near-UV band (3.26 eV). Blue emission was observed at 2.83 eV, and the last emission was observed
at 1.63 eV, this last emission) that is an IR-NIR-band emission.
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