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Textured transparent conductive electrodes for thin-film solar cells have been considered as an effective route for enhancing
sunlight harvest due to light trapping. Here, we report a self-assembling electrochemical approach for preparing Al-doped ZnO
nanorod arrays (NRAs) as light-trapping electrodes from a mixed aqueous solution of zinc nitrate and aluminium nitrate. The
mechanism and optimized process conditions of forming one-dimensional ZnO nanorods with Al-doping were systematically
investigated. The results showed that Al atoms were successfully doped into ZnO crystal lattice, and the morphologies could be
controlled by adjusting the Al3+/Zn2+ ratio in the precursors and deposition time. The Al-doped ZnO films grew into well-
aligned hexagonal NRAs with c-axis perpendicular to the substrates and then transited into a mixture of nanosheets and
nanorods with Al3+/Zn2+ ratio increasing. They exhibited good electrical conductivity with a sheet resistance of 68-167Ω/square
and appropriate visible light transmittance of 61-82%. Taking into account of desired morphology and phase purity, as well as
good electrical conductivity and optical transmittance, the optimal window of Al3+/Zn2+ ratio in the precursors was determined
between 1 at% and 2 at% with applied potential of -1.5V, bath temperature of 80°C, and deposition time of about 30min. The
electrodeposition method provides a facile and efficient route for obtaining large-area textured transparent electrodes at a low cost.

1. Introduction

The hexagonal wurtzite zinc oxide (ZnO) is a direct wide
band gap semiconductor (~3.37 eV) with a relatively high
exciton binding energy (~60meV) at room temperature [1].
Due to its many excellent characteristics, it promises diverse
applications, such as short-wavelength light-emitting diodes
and lasing devices [2], transparent conductive oxide (TCO)
films [3], piezoelectric transducers [4, 5], ultraviolet photo-
detectors [6], diluted magnetic semiconductors [7], gas sen-
sors [8, 9], dye-sensitized solar cells [10–14], organic and
polymer solar cell’s electron transport layers [15, 16], photo-

catalytic degradation and hydrogen production [17–24].
Also, n-type doped (e.g., Al, Ga, or In-doped) ZnO films
have been extensively used as transparent electrodes of
thin-film solar cells due to their superior advantages, such
as high optical transparency, excellent electrical conductiv-
ity, high stability in hydrogen plasma atmosphere, nontoxi-
city, inexpensive and abundant raw materials, and diversity
of fabrication methods [25, 26]. ZnO has also attracted great
interest due to its unique ability to form a variety of one-
dimensional nanostructures [27]. Over the past decades, var-
ious methods have been developed to fabricate complex and
oriented ZnO nanostructure arrays, including chemical
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vapor deposition, vapor-liquid-solid, sol-gel, hydrothermal,
spray pyrolysis, and electrodeposition methods. In com-
parison with other methods, the electrodeposition method
represents a facile route for synthesizing a well-aligned
ZnO nanowire [28, 29], nanorod [30], or nanotube arrays
[31] on transparent conductive oxide substrates. It is con-
venient to tune the crystal shape, diameter, length, aspect
ratio, morphology, orientation, and distribution by adjust-
ing the growth parameters including applied potential, ion
concentration, pH value, temperature, deposition time,
seeded substrates, and active agents [32–34]. So far, intrin-
sic ZnO one-dimensional nanostructures have been inten-
sively studied for light-trapping or electron transport
structures for diverse solar cells [35–44]. On the contrary,
there are very few studies focusing on foreign atom being
doped into ZnO nanostructures via the electrosynthesis
process [45, 46].

However, the electrical conductivity of intrinsic ZnO
nanostructures is limited due to low carrier concentration,
which will greatly increase the series resistance of solar cells
to degrade the photovoltaic performance. It is well known
that the group III atoms, such as B, Al, Ga, and In, being
doped into ZnO can greatly increase the carrier concentra-
tion and thus the conductivity, which is related to the contri-
bution from group III atom substituting Zn site leading to
one extra free electron. Also, previous studies have shown
that the electron transport velocity along the c-axis of one-
dimensional ZnO crystals was several orders of magnitude
faster than that of randomly preferred crystalline ZnO parti-
cles [10]. Both of these may enhance the conductivity of
group III-doped well-aligned ZnO nanorod arrays (NRAs).
In addition, the size of ZnO nanorods is comparable to the
visible light wavelengths of the solar spectrum, which facili-
tates their unique light scattering and capturing effects. In
view of these factors, transparent conductive group III-
doped ZnO NRAs may be used as transparent electrodes
for thin film-based solar cells, such as a-Si, dye-sensitized
or quantum dot-sensitized, copper indium gallium selenide
(CIGS), and perovskite solar cells. The one-dimensional
nanostructures with proper geometrical configuration not
only can trap photons more effectively but also facilitate col-
lecting the photo-induced electrons, both of these leading to
enhancement of power conversion efficiency. Furthermore,
the increasing contacting area between transparent conduc-
tive ZnO NRA electrodes and active layers of thin-film solar
cells will do benefit to collecting photo-induced electrons
more efficiently and quickly, reducing charge accumulation
at the interfaces. Nevertheless, the approaches of doping
group III atoms into one-dimensional ZnO single crystallize
arrays at large-area and low cost still remain a significant
challenge. The mechanism of doped ZnO nanostructures
from a zinc nitrate aqueous solution with doping ions has
not been thoroughly clarified, which is vital for well tuning
the morphology and foreign atoms being effectively doped
into ZnO lattice.

In this work, in order to obtain transparent conductive
ZnO with light-trapping effect, the electrosynthesis mecha-
nism and process of Al-doped ZnO NRAs on fluorine-
doped tin oxide (FTO) glass substrates from a mixed aqueous

solution of zinc nitrate and aluminium nitrate with different
Al3+/Zn2+ ratio were systematically investigated.

2. Materials and Methods

Zinc nitrate hexahydrate [Zn(NO3)2•6H2O] and aluminium
nitrate nonahydrate [Al(NO3)3•9H2O] with analytical
reagent grade were the starting materials of Zn and Al,
respectively. The samples were grown by electrodeposition
method from zinc nitrate and aluminium nitrate mixed
aqueous solutions without other auxiliary reagents on FTO
film glass substrates with a sheet resistance of 15-18Ω/sq at
an applied potential of -1.5V. All electrodepositions were
carried out potentiostatically at 80°C in a two-electrode sys-
tem with a FTO conductive glass piece as the working-
electrode and a platinum-titanium composite mesh as the
counter electrode. The distance between the working elec-
trode and the counter electrode was kept 2cm. The concen-
tration of zinc nitrate in the solutions was 3mmol/L, and the
amount of aluminium nitrate nonahydrate was added
according to different Al3+/Zn2+ ratio of 0, 1, 2, and 3 at %
in the precursors. Prior to each electrodeposition run, the
FTO substrates were ultrasonically cleaned in acetone and
ethanol for 30min in each solvent, respectively. At the end
of the growth period, the FTO substrates covered with
ZnO were removed from the solution and immediately
rinsed in flowing deionized water to eliminate any residual
impurities from the surface. Finally, the samples were ther-
mally treated at 530°C in air for 1h and 420°C in a vacuum
for 30min in sequence.

The crystallographic characterization was investigated by
an X-ray diffractometer (XRD, D/Max-rA, Japan). The
micrograph and chemical composition were observed by
field emission scanning electron micrographs (FESEM,
JSM-6700F, Japan) with an energy dispersive X-ray spec-
trometer (EDS). Transmission electron microscopy (TEM)
images were obtained on a microscope (Tecnai G2 F20 S-
TWIN, USA) with an accelerating voltage of 200 kV. The
X-ray photoelectron spectroscopy (XPS) measurement was
performed to confirm the element status of samples on an
ultrahigh-vacuum electron spectrometer (VG ESCALAB
250Xi, USA). The sheet resistance was measured by an M-3
four-probe tester (Suzhou Jingge Electronic Co. Ltd, China).
The cyclic voltammogram spectrum test was carried out
using a German Zahner electrochemical workstation.

3. Results and Discussion

3.1. Reaction and Growth Mechanism. As many previous
reports depicted, a fundamental reaction in electrodeposit-
ing ZnO from the Zn(NO3)2 aqueous solutions is based on
the reduction of nitrate ions into nitrite ions with OH-

ions generating [47]. The ZnO formation is not a simple
faradaic process but an electrochemically induced precipi-
tation process. The local OH- ion concentration increase
will lead to the reversible precipitating reaction of OH-

and Zn2+ ions. Then, the formed Zn(OH)2 is transformed
into ZnO at elevated temperature. If there are some Al3+

ions also existing in the solutions, similar reactions may
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occur. The doping mechanism is believed to be coprecipi-
tation of Zn(OH)2 with Al3+ substituting Zn2+ sites [48].
The reactions can be generally listed as follows:

NO−
3 + H2O + 2e− ⟶NO−

2 + 2OH−, ð1Þ

Zn2+ + 2OH− ⟷ Zn OHð Þ2↓, ð2Þ
Al3+ + 3OH− ⟷Al OHð Þ3↓, ð3Þ

Zn OHð Þ2 ⟶ ZnO +H2O, ð4Þ
2Al OHð Þ3 ⟶Al2O3 + 3H2O: ð5Þ

The forms of final products strongly depend on the depos-
iting parameters including the Zn2+ ion concentration, applied
potential, pH value, temperature, deposition time, distance
between electrodes, and active agents. ZnO may be electrode-
posited in the form of compact films, hexagonal plates, rods,
wires, and even tubes as discussed in literature [28–31]. Sup-
posing the precipitating reaction is controlled at a moderate
rate, i.e., when the Zn2+ or OH- ion concentrations in the solu-
tions are very low, one-dimensional hexagonal ZnO nano-
structure arrays may be formed by controlling the nucleation
and growth process.

In order to choose a suitable applied potential and
depositing temperature for growing ZnO NRAs, cyclic volt-
ammetry (CV) was carried out for the aqueous solution of
3mM Zn(NO3)2. Figure 1 shows the cyclic voltammogram
of the FTO-electrolyte interface recorded upon a first volt-
ammetry scan with the working and counter electrode dis-
tance of 2 cm at 20°C and 80°C, respectively. As for the
deposition temperature of 80°C (Figure 1(a)), no significant
current can be observed at the potential ranging from 0 to
-0.8V, which suggests that no electrochemical reactions
occur before the applied potential increases to -0.8V. A
cathodic current starts to increase at about -0.8V, which
can be assigned to the reduction of nitrate ions to nitrite
ions. As the applied potential is increased negatively, the
cathodic current arises due to the increased rate of the
nitrate reduction reaction. Between the applied potentials

from -0.8V to -2.0V, there is no obvious other peak current
appearing, which proves that no Zn2+ ions were reduced to
metallic zinc. Kemell et al. [46] had electrodeposited poten-
tiostatically ZnO thin films doped with Al at 80°C from
50mM Zn(NO3)2 aqueous solutions containing 1-10mM
Al(NO3)3. They found that at more negative potentials, the
amount of Al decreased and that of Zn increased, which
could be attributed to the electrochemically generated
hydroxide ions reacting more thermodynamically easily with
Al3+ ions than with Zn2+ ions; when the applied potentials
between -1.0 and -1.6V, the resulted Al concentration in
the ZnO films was 2-8 at%.

Generally, a more nonequilibrium growth environment
favours for Al3+ ions being in situ doped into ZnO lattice
via solution chemical routes. Clearly, high Zn2+ concentra-
tion and applied potential are more favourable for such a
nonequilibrium environment. However, in terms of thermo-
dynamics, it may be a contradiction between the growth of
one-dimensional single-crystalline ZnO and foreign atoms
being doped into ZnO. It may be easy to prepare doped
ZnO dense films by electrodeposition method, while this is
not necessarily suitable for the growth of one-dimensional
crystalline doped ZnO nanostructures. In this work, a rela-
tively high applied potential of -1.5V, which is aiming at a
more nonequilibrium growth environment for Al3+ ions
entering into ZnO crystal lattice, is chosen for electrochemi-
cally growing Al-doped ZnO NRAs. Thereby, the local OH-

concentration near the cathode is relatively high at this
applied potential but keeping Zn2+ concentration low in the
overall solution.

As for the deposition temperature, there appears an
anodic peak begins at about -0.9V when sweeping back the
potential for 20°C (Figure 1(b)). It corresponds to the oxida-
tion of the previously deposited metallic Zn, which is consis-
tent with the results of Liang et al. [47]. In comparison, there
is no anodic peak detected for 80°C. It may be attributed to
the faster consumption of Zn2+ ion being precipitated into
Zn(OH)2 and thus no more Zn2+ ions being reduced into
metal zinc at relatively high temperature. In addition, it can
be seen that the current density at 80°C is remarkably larger
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Figure 1: Cyclic voltammogram of the 3mM Zn(NO3)2 aqueous solutions on FTO-coated glass with the working and counter electrode
distance 2 cm and the scan rate 30mV/s at (a) 80°C and (b) 20°C.
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than that at 20°C at the same applied potentials, which can be
assigned to the accelerating of ion migration and reaction
rate at higher temperature. On the other hand, the formed
Zn(OH)2 can be transformed into ZnO only at elevated
temperature.

3.2. Structure and Morphology with Al3+/Zn2+ Ratio in the
Precursors. Figure 2 shows X-ray diffraction patterns of the
ZnO samples electrodeposited on FTO substrates from
3mM Zn(NO3)2 aqueous solutions containing Al(NO3)3
with different Al3+/Zn2+ ratio. It can be seen that all the sam-
ples exhibit the characteristic peaks of hexagonal wurtzite
ZnO excluding the peaks of polycrystalline tetragonal SnO2
from the FTO substrates, with no additional peaks corre-
sponding to alumina or other phases. The diffraction peaks
of 2θ = 31:77°, 34.42°, 36.25°, 47.54°, 56.60°, 62.86°, and
67.96° can be assigned to (100), (002), (101), (102), (110),
(103), (112), and (004) planes of hexagonal ZnO. Moreover,
the intensity of (002) peak is obviously stronger than that
of other peaks, which indicates that the preferred orientation
growth along the c-axis perpendicular to the substrates.
However, the diffracting peaks of (002) plane become weaker
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Figure 2: X-ray diffraction patterns of the ZnO samples formed on FTO substrates by electrodeposition method at a constant potential -1.5 V
from 3mMZn(NO3)2 aqueous solutions containing Al(NO3)3 with different Al

3+/Zn2+ ratio in the bath: (a) 0 at%, (b) 1 at%, (c) 2 at%, and (d)
3 at%, at 80°C for 60min with a fixed electrode distance of 2 cm.

Table 1: Position and intensity of the characteristic peaks of ZnO
samples in Figure 2.

Al3+/Zn2+ (at%) 2θ(002) I(100) I(002) I(101) i(002)

0 34.4835° 182 1623 344 0.7552

1 34.4579° 316 1169 453 0.6032

2 34.4494° 405 863 518 0.4832

3 34.3984° 280 366 265 0.4018
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with the Al3+/Zn2+ ratio increasing, and the pure ZnO sam-
ple exhibits the most strongest. As for the sample with an
Al3+/Zn2+ ratio of 3 at%, it shows no preferred orientation
of (002) plane. The (002) preferred orientation growth of
ZnO crystals can be also characterized using the relative
intensity of (002) plane, which is defined as formula (6)
and calculated as shown in Table 1.

i 002ð Þ = I 002ð Þ/ I 100ð Þ + I 002ð Þ + I 101ð Þ½ �, ð6Þ

in which i(002), I(100), I(002), and I(101) are representing
the relative intensity of (002) plane and the intensity of
(100), (002), and (101) plane, respectively.

It is obvious that the diffracting intensity becomes weaker
with the Al3+/Zn2+ ratio increasing, which indicates that the
existence of Al3+ ions in the solutions may affect the deposit-
ing and crystallizing process and decrease the crystallinity
and preferred orientation growth. It may be attributed to
the formation of stress-induced by ion size difference
between Zn2+ and Al3+ ions or the segregation of amorphous
alumina in grain boundaries [48]. Besides, it is worth noting
that the position of (002) peak shifts to a lower angle with the
Al3+/Zn2+ ratio increasing, which can be attributed to the lat-
tice strain originating from Al-doping; conversely, it con-
firms that Al atoms are successfully doped into ZnO lattice.

Figure 3 exhibits morphologies of the same ZnO samples
with different Al3+/Zn2+ ratio. It can be seen that well-aligned
hexagonal ZnO NRAs were grown with the c-axis perpendic-
ular to the substrates except the sample with the Al3+/Zn2+

ratio of 3 at%. There is little difference in the shape, size,
and orientation of nanorod arrays for the samples with
the Al3+/Zn2+ ratios of 0 at% (Figure 3(a)) and 1 at%
(Figure 3(b)). The diameter of nanorods is in the range
of 80-220 nm. Compared to the former two, the diameter of
nanorods for the sample with the Al3+/Zn2+ ratio of 2 at%
(Figure 3(c)) clearly becomes smaller, which is in the range
of 50-120 nm, and its distribution is more uniform. From
Figure 3(c) and 3(d), it is more worthy of attention that the
deposited Al-doped ZnO films grow into well-aligned hexag-
onal nanorod arrays with the c-axis perpendicular to the sub-
strates and then transit to a mixture of nanosheets and
nanorods.

Figure 4 shows the analysis of X-ray energy dispersive
spectra (EDS) and elemental ratio for the samples corre-
sponding to the SEM images in Figure 3, respectively. The
Sn, Ca, and Si elements come from the FTO glass substrates.
As for the sample with an Al3+/Zn2+ ratio of 0 at%, there are
no Al atoms detected while existing for other samples, which
indicates that Al atoms have been successfully deposited with
Zn atoms for the Zn(NO3)2 aqueous solution containing
Al(NO3)3. It can be seen that the actually resulted Al/Zn ratio
in the samples increases with the Al3+/Zn2+ ratio in the pre-
cursor bath.

Transmission electron microscopy (TEM) was employed
to further demonstrate the shape, size, phase, and element
composition of the Al-doped ZnO sample with 1 at% Al3+/-
Zn2+ ratio in the precursor, as shown in Figure 5. From the
TEM image in Figure 5(a), the diameter and length of the
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Figure 3: SEM images of ZnO films formed on FTO substrates by electrodeposition method at a constant potential -1.5 V from 3mM
Zn(NO3)2 aqueous solutions containing Al(NO3)3 with different Al3+/Zn2+ ratio in the bath: (a) 0 at%, (b) 1 at%, (c) 2 at%, and (d) 3 at%,
at 80°C for 60min with a fixed electrode distance 2 cm.
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Figure 4: Energy dispersive analysis of X-ray spectra (EDS) for the ZnO samples corresponding to the SEM images in Figure 3.
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Figure 5: (a) TEM, (b) HRTEM, and (c) EDS elemental mapping images of the Al-doped ZnO sample with the Al3+/Zn2+ ratio of 1 at% in the
precursor bath.
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nanorod is 200nm and 850nm or so, respectively, which is
consistent with those seen from SEM images in Figure 3(b).
As zoomed in the square area by high-resolution TEM image
of Figure 5(b), the lattice fringes of nanorod are estimated at
0.26 nm, which can be assigned as the (002) plane of hexago-
nal ZnO, which confirms that the nanorod is hexagonal
wurtzite ZnO single crystal. In addition, as seen from the
EDS elemental mapping images of the nanorod in
Figure 5(c), the Al element is uniformly distributed through-
out the nanorod, and the amount of Al element is obviously
lower than that of the Zn element.

XPS was adopted to characterize the element composi-
tion and chemical bonding state of the pure and Al-doped
ZnO samples. Figure 6(a) shows that the full-survey scan
spectra exhibit clear peaks of Zn, O, and Al elements in all
the Al-doped ZnO samples, while no Al element is detected
for the pure ZnO sample, further proving the presence of
Al element in the Al-doped ZnO samples. It should be
pointed out that the intensity of the Zn element in the pure
ZnO sample is greatly stronger than those in the Al-doped
ZnO samples. The high-resolution Al 2p peaks are shown
in Figure 6(b), which locate at 74.24 eV, 74.95 eV, and
74.55 eV for the Al-doped ZnO samples with Al3+/Zn2+ ratio
of 1, 2, and 3 at% in the precursors, respectively. The binding
energy firstly increases with Al3+/Zn2+ ratio from 1 at% to 2
at% and then decreases with Al3+/Zn2+ ratio rising up to 3
at%, which may be attributed to some amorphous Al2O3
phase existing in the Al-doped ZnO sample with 3 at% Al3+/-
Zn2+ ratio.

3.3. Morphological Evolution with the Deposition Time.
Figure 7 shows the morphological evolution of Al-doped

ZnO electrodeposited from 3mM Zn(NO3)2 aqueous solu-
tion with Al3+/Zn2+ ratio of 1 at% as a function of depositing
time. It can be clearly seen that with depositing time increas-
ing (10, 30, 60, and 90min), the samples gradually grow from
small irregular grains into hexagonal crystals. The hexagonal
crystals obviously become more perfectly crystalline and
larger with the diameter of 200-500 nm corresponding to
the depositing time of 90min.

3.4. Electrical and Optical Properties. The sheet resistance of
ZnO samples electrodeposited from 3mM Zn(NO3)2 aque-
ous solutions containing Al(NO3)3 with Al3+/Zn2+ ratio of
0, 1, 2, and 3 at% was measured by the four-point-probe
method, which was 1856, 167, 95, and 68Ω/sq, respectively.
In our previous work, the sheet resistance of the sample with
Al3+/Zn2+ ratio of 3.3 at% was 162Ω/sq [49]. Thus, the sheet
resistance of pure and Al-doped ZnO samples as a function
of the Al3+/Zn2+ ratio in the precursors is shown in Figure 8.
It is clearly shown that the electrical conductivity of Al-
doped ZnO samples is superior to that of pure ZnO sample,
which is increased by almost two orders of magnitude. It
also proves that Al atoms are effectively doped into ZnO lat-
tice, which contributes to the enhancement of the electrical
conductivity. As for the Al-doped ZnO samples, the conduc-
tivity is improved with the Al3+/Zn2+ ratio increasing. Of
course, the electrical conductivity may be related to many
factors including doping effect, crystallinity, crystallite size,
and grain boundaries of the samples, as well as oxygen
and/or water molecule chemisorbing on the surface. Obvi-
ously, the Al-doping effect causing the carrier concentration
increasement is the main factor affecting conductivity with
very little change in other conditions. It is worth noting
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Figure 6: XPS spectra of (a) survey scan and (b) Al 2p peaks of the ZnO samples with different Al3+/Zn2+ ratio in the precursors.
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Figure 7: Continued.
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Figure 7: Morphological evolution of Al-doped ZnO NRAs grown by electrodeposition method as a function of deposition time. The
deposition parameters: 3mM Zn(NO3)2, Al

3+/Zn2+ ratio 1 at%, 80°C, electrode distance 2 cm, applied potential -1.5 V, deposition time: (a)
10min, (b) 30min, (c) 60min, and (d) 90min.
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whether the deposited Al3+ ions existed in the form of Al2O3
or are doped into ZnO lattice, or both? It is possible that
some amorphous Al2O3 phase formed in the grain bound-
aries when the Al3+/Zn2+ ratio increased up to 2 at%
although the X-ray results have not detected it in our sam-
ples. The growth conditions are vital for the Al3+ ion existing
state. Many research groups have got similar results, for
example, Liang et al. [47] successfully fabricated high crys-
talline Sb-doped ZnO NRAs with p-type conductivity, and
Aragonès et al. [50] electrodeposited Al-doped ZnO films
with different doping contents using the electrodeposition

method. However, Zhu and coworkers [51] have investi-
gated the growth of ZnO NRAs by hydrothermal process
from aqueous solution composed of 25mM zinc nitrate
and 25mM hexamethylenetetramine containing different
concentration (0, 0.25, 0.5, and 1mM) aluminium nitrate,
and they speculated that Al atoms had not been doped into
ZnO lattice. Compared with the electrodeposition process,
the hydrothermal growth process may proceed in a relatively
more equilibrium environment without applied potential,
which may be the cause that Al atoms were unsuccessfully
doped into ZnO lattice.
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The average transmittance in the visible light wavelength
from 400nm to 700nm of the FTO glass substrate and the
electrodeposited ZnO samples with Al3+/Zn2+ ratio of 0, 1,
2, and 3 at% in the precursors and deposition time of
30min is 91%, 55%, 61%, 81%, and 82%, respectively, as
shown in Figure 9. It is obviously seen that the average trans-
mittance of Al-doped ZnO samples is largely higher than that
of pure ZnO sample. The average transmittance of 2 at% and
3 at% Al-doped ZnO samples is very close, while with the Al-
doping content reducing to 1 at%, the average transmittance
of Al-doped ZnO sample decreases to 61%. Considering the
light-trapping effect of the nanorod arrays, the relatively
low transmittance above 60% of Al-doping ZnO NRAs for
transparent electrodes of thin-film solar cells is reasonable.
In our other present work, the solar cells based on pure
ZnO-NRAs have obtained the best photovoltaic conversion
efficiency with a deposition time of 30min [40, 41], which
further confirms the appropriate deposition time for the
ZnO NRAs is about 30min.

3.5. Growth Principle of Electrodepositing Al-Doped ZnO
Nanorods. Based on the characteristic and experiment data
discussed above, the growth principle of Al-doped ZnO
nanorods is proposed. The hexagonal wurtzite ZnO crystals
can be considered as a number of alternating planes com-
posed of four-fold coordinated O2- and Zn2+ ions stacked
alternately along the c-axis in Figure 10(a). The top Zn-
terminated (002) plane is positively charged, and the anions
from the solution may be absorbed on this polar phase; in
the same way, the O-terminated plane is negatively charged
and the cations may be absorbed, both resulting in the fast
growth of along (002) direction [37, 38]. However, a certain
amount of Al3+ ions existing in the solution will precipitate
with OH- prior to Zn2+, since the solubility product of
Al(OH)3 (Ksp = 4:57 × 10−33, 25°C) is remarkably smaller
than that of Zn(OH)2 (Ksp = 2:09 × 10−16, 25°C) at the same
temperature. As illustrated in Figure 10(b), with a relatively

low Al3+/Zn2+ ratio in the precursor solution, Zn2+ ions with
a certain amount of Al3+ ions will preferentially absorb on the
(002) plane due to the attractive force between positive cat-
ions and negative O2- ions, resulting in the preferred growth
along the c-axis; with Al3+/Zn2+ ratio increasing, more Al3+

ions also absorb on other side planes, which will inhibit
Zn2+ ions from absorbing on these planes, leading to a higher
aspect ratio of ZnO nanorods. In contrast, with a high Al3+/-
Zn2+ ratio, more Al3+ ions will absorb on the (002) plane and
other planes or even on the FTO substrates. However, the
product of Al2O3 belongs to the insulator, which will prevent
the electrochemical reaction from going on [49], as shown in
Figure 10(c). Hence, the deposited products will grow into a
mixture of nanosheets and nanorods or the electrodeposition
process will stop due to the insulating Al2O3 layer on the
FTO substrates. The result is consistent with the literature
[49], which showed that for Al3+ concentrations up to
0.3mM in the electrochemical bath, a top layer of amorphous
Al2O3 compound was obtained. Therefore, taking into
account of desired morphology and phase purity, as well as
good electrical conductivity and optical transmittance, the
optimal window of Al3+/Zn2+ ratio in the precursors is deter-
mined at between 1 at% and 2 at% with applied potential of
-1.5V, bath temperature of 80°C, and deposition time of
about 30min.

4. Conclusions

In summary, Al-doped ZnO NRAs have been grown via elec-
trodeposition method from low concentration zinc nitrate
aqueous solutions containing a small amount of aluminium
nitrate without other auxiliary reagents at a highly negative
applied potential. The results showed that Al atoms were
successfully doped into ZnO crystal lattice, and the mor-
phologies could be controlled by adjusting the Al3+/Zn2+

ratio in the precursors. The deposited Al-doped ZnO films
grew into well-aligned hexagonal NRAs with the c-axis
perpendicular to the substrates and then transited into a

c axis
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Figure 10: Schematic diagram of growth principle of ZnO nanorods on FTO substrates by electrodeposition method with different Al3+/Zn2+

ratio.
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mixture of nanosheets and nanorods with Al3+/Zn2+ ratio
increasing or the electrodeposition process will stop due
to the insulating Al2O3 layer on the FTO substrates. They
exhibited good electrical conductivity with sheet resistance
of 68-167Ω/square and appropriate visible light transmit-
tance of 61-82%. The optimal window of Al3+/Zn2+ ratio in
the precursors is determined between 1 at% and 2 at% with
applied potential of -1.5V, bath temperature of 80°C, and
deposition time of about 30min. The self-assembling method
provides a facile and efficient route for obtaining large-area
textured transparent conductive Al-doped ZnO NRAs at
low cost, which have potential application in transparent
electrodes of thin-film solar cells with light trapping.
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