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Abstract

This study grew Al-doped ZnO nanosheets on polycrystalline zinc foils using cathodic electrodeposition in an aqueous solution consisting of
0.02 M Zn(NO3), and 0.001 M AI(NOs); at 90 °C. The effects of the electrodepositing potential and thermal annealing on the physical properties
of the Al-doped ZnO sheets were investigated. This study observed a high quality sheet-like structure of the electrodeposited Al-doped ZnO for the
applied potential larger than —1.1 V, and the sheets were interconnected over the area of interest. The X-ray diffraction patterns showed that the
intensity of the Bragg reflections of the electrodeposited Al-doped ZnO sheets increases with the electrodepositing potential because a larger
applied potential results in the Al-doped ZnO sheets having a larger lateral dimension and thickness. However, the appearance of the Al-doped ZnO
sheets becomes coarse and rough after thermal annealing at 400 °C in ambient air for 4 h. The intensity of the Bragg reflections of the Al-doped
ZnO sheets was markedly increased through the thermal annealing due to the improvement of the crystalline quality of the annealed Al-doped ZnO
sheets. Annealing caused a large decrease in structural defects of the Al-doped ZnO sheets electrodeposited at —1.3 V causing the sheets to exhibit

a sharp photoluminescence peak at ~380 nm.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Defects; B. X-ray methods; C. Optical properties; D. ZnO

1. Introduction

Impurity-doped ZnO has attracted considerable attention
due to its potential in nanodevice fabrication [1]. Several
studies have used dopants to modify the electrical and optical
properties of ZnO [2,3]. Al is a widely used Group III dopant.
Al-doped ZnO is reported to be a useful material for a variety of
technological applications [4,5]. Recently, the synthesis of
nanostructured ZnO with various morphologies is widely
developed due to versatile physical properties that are essential
in various fields for applications such as sensors and solar cells
[6-10]. Among diverse morphologies, the ZnO nanosheet was
reported to have an advantage on a large surface area exposed to
the environment; therefore, it is a promising medium for the
fabrication of high-efficiency devices [11].

The ZnO nanostructures have been prepared using numerous
methods [12-14]. Among various preparation methods, the
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electrochemical deposition has been widely adopted for the
preparation of ZnO nanostructures due to advantages of high
growth rate, large area, and low cost. The syntheses of ZnO
nanosheets using electrodeposition on various substrates have
been realized by several studies [11,15]; nevertheless, literature
on the physical properties of ZnO nanosheets and related works
on impurity-doped ZnO nanosheets is limited. The physical
properties of Al-doped ZnO nanosheets prepared using
electrodeposition have not been thoroughly examined. This
work formed Al-doped ZnO nanosheets using electrodeposi-
tion, and investigated the effects of Al content and post-
annealing on the physical properties of Al-doped ZnO
nanosheets.

2. Experimental details

Al-doped ZnO nanosheets were grown by cathodic
electrochemical deposition from an electrolyte containing
0.02 M Zn(NO3), and 0.001 M AI(NOs)s. The bath tempera-
ture is maintained at 90 °C during the electrodeposition of the
Al-doped ZnO nanostructures. A standard three-electrode
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compartment cell was used in this experiment. A platinum sheet
(99.99% purity) and a zinc foil (99.99% purity) were used as the
anode and cathode, respectively. A Ag/AgCl electrode in a
saturated KCl1 solution was used as a reference electrode. The
area of the zinc foil in the electrolyte for the electrodeposition is
fixed at 1cm? The deposition was performed at various
potentials from —0.9 V to —1.3 V with respect to the reference
electrode. The as-grown samples were washed with deionized
water and absolute ethanol several times. Some of the as-
electrodeposited Al-doped ZnO nanostructures are subse-
quently annealed at 400 °C in air ambient for 4 h to evaluate
the annealing effects on the structure and optical properties of
the Al-doped ZnO nanostructures.

The crystal structure of the electrodeposited Al-doped ZnO
nanostructures was characterized by X-ray diffraction (XRD)
with Cu Ka radiation. The surface morphology and composi-
tion of the electrodeposited ZnO nanostructures was investi-
gated by a scanning electron microscope (SEM), equipped with
X-ray energy dispersive spectroscope (EDS). X-ray photo-
electron spectroscope (XPS) measurements were performed to
evaluate the binding state of oxygen in the Al-doped ZnO
nanostructures. The room temperature dependent photolumi-
nescence (PL) spectra are obtained using the 325 nm line of a
He—Cd laser.

3. Results and discussion

Figs. 1(a)~(c) shows the surface morphologies of the
electrodeposited Al-doped ZnO sheets on zinc foils under
various potentials. The lateral dimension of the Al-doped ZnO
sheets grown at —0.9 V is ~0.4 wm, and the morphology of the
sheets is not completely developed (Fig. 1(a)). Increasing the
potential to —1.1V resulted in a lateral dimension of
approximately 0.8 wm and a thickness of tens of nanometers
of the as-grown sheets (Fig. 1(b)). Further increasing the
potential to —1.3 V, the dimension and thickness of the sheets
increased considerably (Fig. 1(c)). The lateral dimension of the

sheets reaches ~1.8 wm and the sheets are almost vertical to the
substrate. A high quality sheet-like structure of the electro-
deposited Al-doped ZnO was observed for the applied potential
larger than —1.1 V, and the sheets were interconnected over the
area of interest. The ZnO sheets were prepared in a Zn(NOj3),
solution with an addition of KCI [13]. Small variations in the
potentials during the electrochemical deposition were proved to
give rise to a variety of surface morphologies of the ZnO. A
two-dimensional sheet-like structure might form during
electrochemical deposition as a transition between one-
dimensional and three-dimensional growth of the electrode-
posited ZnO [16]. Figs. 1(d)-(f) displays the surface
morphologies of the Al-doped ZnO sheets annealed in ambient
air for 4 h. The periphery of the annealed Al-doped ZnO sheets
is not as sharp as those that are as-deposited. The appearance of
the Al-doped ZnO sheets becomes coarse and rough after
thermal annealing. The effect of thermal annealing on the
deterioration of sheet morphology of the electrodeposited ZnO
corresponds with previous work [17].

Fig. 2 shows the representative EDS patterns of the Al-doped
ZnO sheets grown at —1.3 V. Oxygen, Zn, and Al peaks at
~0.53, 1.0, and 1.5 keV, respectively, as shown in Fig. 2. The
EDS result indicates that the dopant Al entered the lattice of the
ZnO sheets during the electrodeposition. The atomic ratio of the
constituent elements of the Al-doped ZnO was obtained using
EDS, as shown in Table 1. The atomic concentration of Al in the
ZnO matrix increased with the decreasing potential. This
corresponds with Kemell et al. and is attributed to the fact that
the formation of aluminum hydroxide is thermodynamically
more favorable than that of zinc hydroxide during electro-
chemical deposition from the mixed solution of zinc nitrate and
aluminum nitrate [18]. The atomic concentration of Al in the
ZnO matrix electrodeposited at —0.9 V is 9.59%; this high Al
concentration might indicate that some of the aluminum
apparent in the sheets was amorphous alumina or AlO (OH).

Fig. 3 shows the XPS spectra of O Is peaks of the as-
electrodeposited and annealed Al-doped ZnO sheets. The O 1s

Fig. 1. SEM images of the electrodeposited Al-doped ZnO sheets grown at various potentials: (a) —0.9 V, (b) —1.1 V, and (c) —1.3 V. The surface morphology of the

annealed sheets were shown in (d)—(f): (d) =09V, (e) —1.1V, and (f) —1.3 V.
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Fig. 2. EDS spectra of the electrodeposited Al-doped ZnO sheets electrode-
posited at —1.3 V.

Table 1
Atomic ratio composition of the constituent elements in Al-doped ZnO sheets
measured by EDS.

Al Zn o) AU(AL + Zn)
—09V 9.59% 36.98% 53.43% 0.21
—1.1V 5.20% 39.90% 54.90% 0.12
~13V 3.78% 41.74% 54.48% 0.08

peaks were fitted by two Gaussian curves, centered at ~530.25
and 531.25eV. The component of the O 1s spectrum at
530.25 eV is associated with O>~ ions on a wurtzite structure of
ZnO [19], and the higher peak area of this component within the
O 1s spectrum represents the larger amount of oxygen atoms in
a fully oxidized stoichiometric surrounding. The binding
energy component, centered at 531.25 eV is close to the Ol s
binding energy for AIO(OH) [20]. The existence of hydroxide
in the sheets is due to the samples being prepared in an aqueous
solution. The binding energy of the thermal annealed Al-doped

ZnO sheets is lower than that without thermal annealing at a
particular electrodeposition potential. This might be due to the
reduced material disorder in the annealed Al-doped ZnO sheets.

Fig. 4 displays the XRD patterns for the electrodeposited Al-
doped ZnO sheets on the zinc foils before and after thermal
annealing. The XRD patterns of the Al-doped ZnO sheets
prepared under various potentials consist of (100) (00 2)
(101) (102), and (1 1 0) Bragg reflections from hexagonal
ZnO JCPDS 36-1451 (Fig. 4(a)). These XRD patterns can be
indexed as hexagonal wurtzite structures of ZnO. The intensity
of the Bragg reflections of the electrodeposited Al-doped ZnO
sheets increases with the depositing potential. The SEM images
show that the size of the Al-doped ZnO sheets increases with
the depositing potential. The larger lateral dimension and
thickness of the Al-doped ZnO sheets were formed at a larger
applied potential; this contributed to a higher intensity of the
Bragg reflections of the Al-doped ZnO sheets. Moreover, the
extrinsic AI** quickly absorbs more oxygen with a higher Al
concentration in the ZnO sheets electrodeposited at a lower
potential. This might result in the Al-doped ZnO sheets having
apoor crystalline quality [21]. Notably, the angle position of the
Bragg reflections of the Al-doped ZnO sheets varied with
changes in the applied potential (Fig. 4(b)). The magnified
XRD patterns of the (0 0 2) Bragg reflections of the Al-doped
ZnO sheets grown at various potentials clearly reveal that the
Bragg reflection shifts to a higher diffraction angle with an
increase of growth potential from —0.9 to —1.1 V. Moreover,
the diffraction angle of the ZnO (0 0 2) was reduced when the
potential was further increased to —1.3 V. The shift of the XRD
peaks was also observed while incorporating transition metals
into ZnO crystalline [22]. The radius of AI**(54 pm) is slightly
lower than that of Zn>*(74 pm). Therefore, the incorporation of
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Fig. 3. The representative XPS spectra of the O 1s for the electrodeposited Al-doped ZnO sheets: (a) electrodeposited at —0.9 V, (b) electrodeposited at —0.9 V and
annealed in air ambient at 400 °C for 4 h, (c) electrodeposited at —1.3 V, and (d) electrodeposited at —1.3 V and annealed in air ambient at 400 °C for 4 h.
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Fig. 4. (a) XRD patterns of the electrodeposited Al-doped ZnO sheets grown
from the electrolyte containing 0.02 M Zn(NOj3), and 0.001 M AI(NO;); at
various depositing potentials. (b) The magnified XRD patterns of the (00 2)
Bragg reflections of Al-doped ZnO sheets grown at various potentials. (¢) XRD
patterns of the annealed Al-doped ZnO sheets grown at various depositing
potentials. The thermal annealing is treated in air ambient at 400 °C for 4 h.

Al ions into the ZnO lattice should result in the contraction of
the ZnO lattice. Although the concentration of Al in the ZnO
sheets electrodeposited at —0.9 V is higher than that electro-
deposited at —1.1 V, most Al ions are not incorporated into the
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Fig. 5. (a) XRD patterns of the Al-doped ZnO sheets electrodeposited at
—1.1V from the electrolytes containing 0.02 M Zn(NOj3), and various con-
centrations of AI(NO3);. (b) The magnified XRD patterns of the (0 0 2) Bragg
reflections of the Al-doped ZnO sheets.

substitutional sites of the ZnO cells for the oxide sheets
electrodeposited at —0.9 V. This results in a relatively low angle
position of the Bragg reflection with respect to that
electrodeposited at —1.1 V. The Al-doped ZnO sheets
electrodeposited at —1.3 V shows a lower angle shift of the
Bragg reflection of ZnO due to the lower content of Al in the
ZnO lattice with respect to that electrodeposited at —1.1 V. By
contrast, the intensity of the Bragg reflections of the annealed
Al-doped ZnO sheets was markedly improved through the
thermal annealing, as exhibited in Fig. 4(c). This is due to the
improvement of the crystalline quality of the annealed Al-
doped ZnO sheets. To identify the effect of Al concentration on
the peak shift of the ZnO Bragg reflections, an electrolyte of
0.02M Zn(NO3), was added with various concentrations
(0.0006-0.0014 M) of AI(NOj3);. The XRD patterns in Fig. 5
show that the angular position of the Bragg reflections of the
Al-doped ZnO electrodeposited at —1.1 V shifts to a higher
angle with the increase of the concentration of AI(NOs);. The
increase of AlI(NO3); concentration in the electrolyte increases
the amount of Al in the ZnO, further reducing the lattice size of
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Fig. 6. PL spectra of the electrodeposited Al-doped ZnO sheets grown at various depositing potentials without and with thermal annealing: (a) —0.9 V, (b) —1.1 V, (¢)
—1.3V, (d) —0.9 V with thermal annealing, (¢) —1.1 V with thermal annealing, and (f) —1.3 V with thermal annealing.

ZnO and lowering the peak intensity of the Bragg reflections of
ZnO.

Fig. 6 exhibits the PL spectra of the Al-doped ZnO sheets
electrodeposited at various potentials with and without thermal
annealing. Notably, two emission peaks are observed in the PL
spectra of the Al-doped ZnO sheets; that is, the UV and visible
emission peaks. The UV emission has been assigned to the near
band edge emission, which originated from the direct
recombination of the free excitons through an exciton-to-
exciton collision process. Moreover, the appearance of the
visible emission is associated with the deep level emission due
to the structural disorder in the ZnO crystals. From observing
Fig. 6, the weakening of the UV emission with the decreasing
electrodepositing potential can be ascribed to the poor
crystalline of the Al-doped ZnO nanosheets. Furthermore,
the higher electrodepositing potential facilitates the larger
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Fig. 7. UV to visible intensity ratio of PL spectra for the Al-doped ZnO sheets
grown at various depositing potentials without and with thermal annealing.

crystals of the ZnO sheets, thus favoring a decrease of the
concentration of nonradiative recombination centers. The UV
emission of the annealed Al-doped ZnO sheets is enhanced and
the UV-to-visible emission ratio is increased (Fig. 7) due to the
improvement of crystalline quality by annealing. An increase in
the UV-to-visible emission ratio via proper thermal annealing
procedures was associated with the reduced concentration of
structural defects [23].

4. Conclusions

Al-doped ZnO sheets were grown on polycrystalline zinc
foils using cathodic electrodeposition at various potentials in an
aqueous solution consisting of 0.02 M Zn(NOs), and 0.001 M
AlI(NO;3); at 90 °C. The higher electrodepositing potential
results in the Al-doped ZnO sheets having a larger lateral
dimension and thickness. Moreover, the Al content in the ZnO
matrix decreases according to applied potential. The XRD
results show the change of the ZnO lattice size due to the Al
doping effect. The crystalline quality of the Al-doped ZnO
sheets was improved by thermal annealing; however, the
annealing procedure roughened the appearance of the Al-doped
ZnO sheets. The photoluminescent properties indicate that the
Al-doped ZnO sheets electrodeposited at —1.3V with
subsequent thermal annealing at 400 °C in ambient air for
4 h are highly crystallized and of satisfactory optical quality.
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