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ABSTRACT
Renewable energy sources are being developed as alternatives to fossil energy by several sources,
such as solar cenergy and wind power. The progress on solar power conversion to electricity via
solar cell is impressively developed to obtain the best performance and low cost production. We
studied the dye-sensitized solar cell (DSSC) as it is cost-effective and environment friendly
compared to the widely used silicon-based cells. However, the low current density and power
conversion efficiency are the primary limitations of DSSCs, especially zinc oxide (ZnO)-based
DSSCs. In this study, we enhanced the ZnO nanorod properties through aluminum (Al) doping. To
find the optimum doping concentration, the concentration of Al was varied at 0%, 0.5%, 1.0%,
1.5%, and 2.0%. Al-doped ZnO nanorods were grown by a seed-mediated hydrothermal method at
90oC for 8 h. The morphological, structural, optical, and photovoltaic properties of these nanorods
were analyzed by field emission scanning electron microscopy, X-ray diffraction, UV-Vis
spectroscopy, and J-V curve analysis. ZnO nanorods with 1.0% Al doping demonstrated
photovoltaic performance improvement up to 241.8%.
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1.

INTRODUCTION

Silicon-based solar cells were the first solar cells to have been commercialized successfully. The
demand for silicon-based solar cells is increasing. Although the efficiency of these cells is high,
they are expensive due to the use of complex production technology and lack of energy-efficient
alternatives. Studies are ongoing to develop other types of solar cells. Dye-sensitized solar cell
(DSSC) has been recently developed from photoelectrochemical solar cells with a demonstrated
efficiency of 11%–13% [1,2]. A DSSC has a sandwich-like arrangement comprising active
material, dye, electrolyte, and counter electrodes [1]. However, the primary limitations of DSSCs
are that they have low current density and power conversion efficiency, especially zinc oxide
(ZnO)-based DSSCs. ZnO, demonstrating a bandgap of 3.37 eV [3,4], is an active material with
prospective applications.
ZnO nanomaterials have been widely used in DSSCs, which have an efficiency of ±0.3% [5].
Studies have been conducted to increase the efficiency value of DSSCs by doping, which can
achieve transparency, stability, conductivity, and high electron mobility [6]. ZnO can be doped
with group IIIA metals, including In, Al, Ga, and B [7]. Aluminum was chosen as a doping
material because it is inexpensive, abundantly available, non-toxic, and non-corrosive, as well as
demonstrates good conductance of heat and electricity [8]. ZnO nanomaterials can be doped
using organic compounds containing aluminum metal, which increases the cell’s electrical
conductivity [9]. Alumunium dopant can enhace physical properties of ZnO nanomaterial
fabrication through several variables [6]. Some physical parameters that affect the synthesis of
Al-doped ZnO nanomaterials are concentration of the growing solution, time of growth,
temperature of growth, temperature of annealing, and concentration of the dopant. In this
study, we considered the dopant concentration [5].
Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board.
These articles have not yet been copyedited and/or formatted in the journal house style.

International Journal of Nanoelectronics and Materials

In Press, Accepted Manuscript – Note to user
*Corresponding

author: iwantono@lectuere.unri.ac.id

The main objective of this work was to discover the optimum concentration of Al to be doped on
ZnO nanorods that demonstrate high photovoltaic performances. Seed-mediated hydrothermal
method was used to grow ZnO nanorods [5]. The dopant effects were investigated through
morphological, structural, and optical analysis. Morphological and structural analyses reveal the
structural shape and lattice parameter of the nanorods [10,11]. UV-Vis spectroscopy provides
their spectral absorption and bandgap energy estimation. The performance test was conducted
using artificial sunlight illumination (AM 1.5 G, which was provided by Gamry Framework EPHE
200 system)
2. MATERIALS AND METHODS
2.1

Seeding Preparation

Zinc acetate dihydrate (ZAD) seeding solution of 0.01 M was prepared by dissolving 0.022 g of
ZAD in 10 mL ethanol. The seeding process was initiated by dripping the seeding solution on
fluorine tin oxide (FTO) substrate in a spin coater at 3000 rpm for 30 s. Then, the sample was
heated at 100 ̊C for 15 min. This process was repeated several times to obtain a uniform
distribution of the ZnO seed of about 15 nm. The final step of the sample was carried out at
350 ̊C for 1 h [12].
2.2

Growing ZnO Nanorod

ZnO nanorod growth solution was prepared by mixing 0.5694 g of zinc nitrate hexahydrate
(ZNH) solution, 0.2803 g of hexamethylenetetramine (HMT), and 0.1875 g of aluminum nitrate
nonahydrate in 0.1 M deionized (DI) water. Next, the doping concentration was varied at 0%,
0.5%, 1.0%, 1.5%, 2.0%, and 2.5% over the concentration of the growing solution. Each sample
was grown at 90oC for 8 h. The sample was then removed and cleaned using DI water and dried
using a drier.
2.3

Characterization and Performance Test

The characteristics of the obtained ZnO nanorod were examined using field emission scanning
electron microscopy (FESEM; Zeiss, Compact Co. Ltd.), X-ray diffraction (XRD; Bruker, EIXS),
and UV-Vis spectroscopy (U-3900H). DSSCs were fabricated by assembling the sandwich-form
[5], which consists of active material (Al-doped ZnO nanorods), dye N719, electrolytes (iodolyte
AN-50), and counter electrodes (plat) with an active area 0.23 cm2. The cell performance was
tested under artificial sunlight illumination (AM 1.5 G, Gamry Framework EPHE 200; input
power, 100 mW.cm−²).
3. RESULTS AND DISCUSSION
3.1

Morphological Analysis

The FESEM images of the ZnO nanorod are presented in Figure 1 and the thickness of the rod is
detailed in Figure 2. It was clear from the analysis that a wurtzite hexagonal structure of ZnO
was obtained [13]. The various cross-sectional sizes that were obtained are presented in Table
1. Interestingly, 1.0% Al-doped ZnO nanorods demonstrate the smallest size and highest
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thickness. Generally, Al-doping significantly increases the ZnO nanorod thickness and its
density, as are presented in Figures 1 and 2 [7]. These results are in line with the research
conducted by Zhou et al. [14] and Alkahlout et al. [15].

Figure 1. Field emission scanning electron microscopic images of the ZnO nanorod with (a) 0%,
(b) 0.5%, (c) 1%, (d) 1.5%, and (e) 2% Al-doping. (Magnification, 10,000).

Figure 2. Thickness of each sample. (a) 0% (magnification, 20,000; bar scale, 2 µm), (b) 0.5%,
(c) 1%, (d) 1.5%, and (e) 2%. (Magnification, 10,000; bar scale, 1 µm).
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Table 1 Size and thickness of Al-doped ZnO nanorods

3.2

Al concentration

Size

Thickness

(%)

(nm)

(µm)

0.0

157.9-426.3

1.493

0.5

167.5-424.3

1.539

1.0

122.8-268.0

2.021

1.5

223.3-609.2

1.784

2.0

189.3-357.3

1.903

Lattice Characteristics

The XRD pattern of Al-doped ZnO nanorods is presented in Figure 3. In the figure, the diffraction
peaks appear at an angle of 2θ = 31.71°, 34.51°, 36.28°, 47.61°, and 56.54°, which correspond to
a crystal plane of (100), (002), (101), (012), and (110). As can be seen in the figure, the highest
XRD peak for all samples occurs at an angle of 2θ: 34.51°, with a crystal plane of (002). These
results are consistent with those reported by Zhou et al. [14], Lee et al. [16], and Soaram et al.
[7]. Concerning the percentage of Al concentration, the intensity increased at 0%, 0.5%, and
1.0% and decreased at 1.5% and 2.0%. The higher intensity in the XRD pattern corresponds to
the denser nanostructure form [7]. In our study, 1.0% Al-doped ZnO nanorod growth was
optimal.

Figure 3. X-ray diffraction spectra of ZnO nanorods.
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As can be seen in Figure 4, the angles of 2θ of field crystal orientation of ZnO nanorods (002)
with Al concentrations of 0%, 0.5%, 1.0%, 1.5%, and 2.0% are 34.51°, 34.53°, 34.6°, 34.61°, and
34.61°, respectively. From the XRD pattern, we can see a shift of the 2θ angle in the field
orientation (002) is 0.02°–0.10° dominant to the right (greater angle), which is in accordance
with the findings of Soaram et al. [7] and Alkahlout et al. [15].

Figure 4. Peak-shift of X-ray diffraction spectra of (002) crystal orientation.
Table 2 Full width at half maximum (FWHM) and crystalline size of Al-doped
ZnO nanorods.
Al concentration
(%)

FWHM (°)

Crystalline size
(nm)

0.0%

0.2538

32.793

0.5%

0.2431

34.242

1.0%

0.2175

38.276

1.5%

0.2319

35.899

2.0%

0.2200

37.456

The size of the Al-doped ZnO crystal can be determined using Scherrer’s equation. The large Full
Width at Half Maximum (FWHM) is inversely proportional to the crystal size; that is the smaller
the FWHM, the higher is the crystallinity, because the atoms are arranged periodically and more
regularly [17]. This happens because the large crystalline size supports a constructive
interference. In Table 2, the crystal sizes of ZnO nanorods with Al concentrations of 0%, 0.5%,
1.0%, 1.5%, and 2.0% are, respectively, 32.793, 34.242, 38.276, 35.899, and 37.456 nm. Crystal
size increased by 1%, but again decreased after administration of large Al doping of 1.0%. From

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board.
These articles have not yet been copyedited and/or formatted in the journal house style.

International Journal of Nanoelectronics and Materials

In Press, Accepted Manuscript – Note to user
Figure 3, Figure 4, and Table 2, it can be concluded that the effect of varying the Aluminum
doping concentration on the ZnO nanorod structure can arrange and control the lattice [7].
3.3

UV-Vis Absorption

The UV-Vis absorption spectrum of the sample is presented in Figure 5. The figure shows that
strong absorption occurs at 320–385 nm, which is the common behavior of the ZnO nanorod
[18]. In the figure, the absorption rates of all samples are nearly similar. The highest maximum
absorption intensity was obtained by 3.670 a.u, a 1.0% Al-doped ZnO nanorod, which indicates
that it has a higher density, in accordance with the FESEM and XRD analyses. The highest
absorption spectra occurred at 350 nm for all samples.

Figure 5. Spectra of UV-Vis absorption of the obtained ZnO nanorods.

Table 3 Direct band gap estimation of the samples
No

Al concentration

Bnad gap

(%)

(eV)

1

0.0

3.267

2

0.5

3.272

3

1.0

3.277

4

1.5

3.267

5

2.0

3.268

6

2.5

3.271
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Bandgap energy is the distance between the conduction band and the valence band. Bandgap
energy can be measured easily by extrapolating the curve plot (αhv)2 to (hv) [18]. The direct
bandgap of all the samples is summarized in Table 3, and we can observe that the magnitudes
are slightly different (~3.27 eV). The bandgap values obtained in our study are slightly lower
than a previous study, which reported a bandgap value of 3.37 eV [3,4]. The decrease in the
energy gap is due to the formation of an irregular (broken) lattice arrangement, resulting from
the presence of doping atoms so as to produce several levels of energy under the conduction
band [19]. Bandgap value can give an effect to the maximum power produced by the active
material, which also directly influences the power conversion of the cells [20].
3.4

Cell Performances

Figure 6 Plot of J-V of the fabricated DSSC under AM 1.5 G illumination.
Table 4. Photovoltaic performance of the fabricated DSSC
Concentration
(%)

VOC

JSC

VMPP

JMPP

FF

σ

ɳ

(V)

(mAcm-2)

(V)

(mAcm-2)

(%)

(Ω-1m-1)

(%)

0.0

0.518

0.493

0.339

0.291

0.383

0.029

0.098

0.5

0.569

0.573

0.395

0.339

0.591

0.031

0.122

1.0

0.617

1.490

0.381

0.879

0.590

0.057

0.335

1.5

0.593

0.863

0.351

0.563

0.348

0.035

0.198

2.0

0.581

1.060

0.365

0.635

0.601

0.046

0.232

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board.
These articles have not yet been copyedited and/or formatted in the journal house style.

International Journal of Nanoelectronics and Materials

In Press, Accepted Manuscript – Note to user
Figure 6 is a J-V plot of the fabricated DSSC under 100 mW.cm−2 illumination. When cells are
illuminated by light, increasing number of electrons are attracted to the conduction band, both
from the active material and electrons originating from the dye [20]. The increase in the value of
the current density at the maximum power point indicates that the number of electrons that
flow through time is increasing [20-21]. As can be seen in Table 4, the optimum sample obtained
in this study is 1.0% Al-doped ZnO nanorods, demonstrating an efficiency of 0.335%. The
difference in the efficiency value between cells with and without Al doping is due to increased
current density produced as a result of the input voltage [21]. The provision of Al doping at ZnO
has a positive effect on DSSC efficiency, which can increase the efficiency up to 241.8%. This is
because the administration of doping functions as an electric dopant so as to increase electrical
conductivity [14]. The increase in efficiency is possibly due to the increase in magnitude of the
current carrier Jsc and the conductivity σ by >2 orders, especially in the 1.0% Al sample.
4. CONCLUSION
Aluminum-doped ZnO nanorods with various doping concentrations of 0%, 0.5%, 1%, 1.5%, and
2% were successfully developed on FTO using a hydrothermal method with growth
temperature of 90° C for 8 h. The diameter and thickness of the ZnO nanorods ranged from
122.8 to 602.9 nm and from 1.493 to 2.021 µm, respectively. The diffraction peaks of each
sample at 2θ were 31.71°, 34.51°, 36.28°, 47.61°, and 56.54°, corresponding to a crystal plane of
(100), (002), (101), (012), and (110), respectively. FWHM with a large percentage of variation
of 0% to 2% of 0.2538 nm, 0.2431 nm, 0.2175 nm, 0.2319 nm and 0.2200 nm, respectively. The
UV-Vis spectrum demonstrated that the absorption occurred between 320 and 385 nm. By 1%
Al-doped concentration, the largest surface area and highest, with large crystal size and high
absorption, could be achieved. The efficiencies of each dopant concentration were 0.098%,
0.122%, 0.335%, 0.198%, and 0.232%, respectively. The improvement effects of Al-doping to
ZnO DSSC assist in enhancing the cell’s efficiency to 214.83% than pristine ZnO.
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