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ABSTRACT  

A dye-sensitized solar cell (DSSC) device using Mg-doped Zn thin films as photoanode and fruit extract 

of rose myrtle (Rhodomyrtus tomentosa) as the natural dye was investigated. The effect of annealing 

temperatures (400-550 oC) on the films of photoanode was systematically studied using X-ray 

diffractometer (XRD), UV-Visible Near Infrared (UV-Vis NIR) Spectrophotometer, scanning electron 

microscopy (SEM), and energy dispersive spectroscopy (EDS).  XRD confirm that all sample has the 

wurtize hexagonal with crystallite size of 25 nm. The SEM images reveal that the surface of Mg-doped 

ZnO thin film is nanosphere. A higher annealing temperature leads to a larger grain size. The bandgap 

energy slightly increases by increasing the annealing temperature. The dye sensitizer of rose myrtle 

(Rhodomyrtus tomentosa) has a strong absorption at the visible light region. The maximum efficiency of 

the DSSC device is 3.53% with Mg-ZnO photoanode annealed at 500 oC.  
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1. INTRODUCTION  

 The higher demands of renewable energy continually increase every single year due to its eco-friendliness 

and regenerality. Solar cells have been well known to convert solar energy to electricity for decades. 

However, the conventional solar cells are still competitive in the high price market with complicated 

fabrication process. Dye-sensitized solar cells (DSSCs), is one of the most promising solar cell types to 

generate renewable energy with a low-cost material and simple fabrication [1-3]. The working principal 

of DSSCs is the utilized during the solar irradiation to convert into electric current. After irradiation, the 

dye sensitizer harvests light and causes an electron to promote the conduction band leaving a hole in the 

valence band. There are numerous pigments of plant leaves, fruits, and flowers that   have the potential to 

utilize in DSSCs. The variety of pigments with different width of light harvesting ranges and degree of 

absorptivity in UV-Visible spectrum results in differences in the performance of DSSCs. The molecules 

of the dye can be anchored into the surface areas of the semiconductor to form Lewis acid-base types of 

interaction to enhance electron transfer from HOMO of the dye molecule (pigment) to the conduction 

band of the semiconductor (anode) [4-7]. In particular, zinc oxide (ZnO) semiconductor plays a role as a 

photoanode to improve the conducting interface layer and to enhance the power conversion efficiency 

(PCEs). According to the literatures, ZnO has high electron mobility, wide bandgap (3.37eV), and large 

exciton binding energy of 60 meV [8]. Magnesium (Mg) is one of the metals that used in many 

applications such as refractory materials, optical and heating apparatus [9, 10]. This material also has 

special properties to block the electron due to of its wide bandgap [11].  

There are several methods to grow thin films on the substrate, such as molecular beam epitaxy, 

metal organic chemical vapor deposition, plasma enhanced chemical deposition, sputtering method, spray 

pyrolysis, atomic layer deposition, pulse laser deposition, electron beam evaporation, and sol-gel spin 

coating techniques [12]. Each of those methods has advantages and disadvantages. Nevertheless, sol-gel 

spin coating approach is a simple, cheap, and effective  method that employs simple equipments to 



synthesize ZnO thin films [13]. During sol-gel spin coating for ZnO thin film production, parameters such 

as concentration of precursor solution, annealing temepartaure, film morphology, and dopant growth need 

to controlled [14].  

In this work, the photoanodes of Mg-doped ZnO thin films were prepared by Sol-gel spin coating; 

and the fruit extract of Rhodomyrtus tomentosa was used as sensitizer. DSSC devices were fabricated from 

pigments of Rhodomyrtus tomentosa fruit extract, platinum coated counter electrode, and the photoanode.  

The effect of different annealing temperatures of photoanode on the efficiency of DSSC was investigated. 

 

2. EXPERIMENTAL SECTION  

2.1. Synthesis of Mg-doped ZnO thin films 

Mg-doped ZnO thin films were fabricated using sol-gel spin coating technique. Typically, Zinc Acetate 

dehydrate and magnesium chloride (2%) were dissolved in isopropanol under continuous stirring. After 

10 min, 1.7 mL diethanolamine was added slowly into the solution. After refluxing process at 90 ºC for 

about 2 hours, the gel was dropped on top of FTO glass and spinned at 5000 rpm for 60 s. After the drying 

process, the samples wereannealed at different temperatures of 400, 450, 500, and 550oC for 5 hours.  

2.2. Extraction of natural dyes 

About 50 grams of Rhodomyrtus tomentosa fruit was ground using a mortar. After being moved into a 

beaker glass, 25 mL DI water, 21 mL ethanol, and4 ml acetic acid were added and then stirred to form a 

homogenous solution.  The solution was then covered with aluminum foil to avoid photooxidation and 

socked at room temperature for 24 h. Finally, the solid and liquid parts were separated using filter paper. 

The filtered solution of Rhodomyrtus tomentosa fruit extract was ready to be used as sensitizer in DSSCs.    

2.3. Fabrication of DSSC 

Figure 1 illustrates the schematic fabrication of DSSC. First, the as-prepared Mg-doped ZnO thin film was 

used as the photoanode electrode. Natural-dye sensitized from Rhodomyrtus tomentosa fruit extract was 



adsorbed on the top of Mg-doped ZnO photoanode by immersing it into the extracted dye solution for 

several hours. After that, it was taken out and washed with ethanol to remove the unadsorbed dye and 

dried in the oven. The platinum coated on the glass FTO was used as the counter electrode. The DSSCs 

were assembled by attaching the photoanode and the counter electrode using thermoplastic sealant surlyn 

as glue and separator. And then heated at 80 ºC to let the surlyn perfectly attach to the electrodes. The 

electrolyte was injected through a tiny hole on the counter electrode. Finally, that hole was covered with 

transparent tape.  

 

Figure 1. Schematic of the fabrication of DSSC using Mg-doped ZnO photoanode and fruit extract 

of Rhodomyrtus tomentosa. 

 

2.4. Characterizations 

To observe the surface morphology of Mg-doped ZnO thin films annealed at different temperatures, a 

scanning electron microscope (JEOL-6500) analysis was performed at an accelerating voltage of 15 kV. 



The X-ray diffraction of Mg-doped ZnO thin films were analyzed using an X-ray diffractometer (LabX 

XRD-6100, Shimadzu) with Cu Kα (λ=1.54 Å). The transmittance and absorbance spectra were recorded 

using a UV-Vis NIR spectophotometer.  The efficiency of the DSSC was measured using an I-V 

measurement (Keitly Source Measure Unit) system by irradiating a photoanode electrode with a light 

source. Several data such as open-circuit voltage (Voc), short circuit current density (Jsc), and fill factor 

(FF) were recorded. Then, the efficiency was determined using equations (1) and (2) 

ɳ =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
𝑥 100% = 𝐹𝐹

𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐

𝑃𝑖𝑛
𝑥 100%                 (1) 

 𝐹𝐹 =
𝐽𝑚𝑎𝑥 𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐
                         (2) 

3. RESULTS AND DISCUSSION  

3. 1. Electron microscope analysis  

The surface morphology of Mg-doped ZnO with variation of annealing temperature was investigated using 

a field-emission scanning electron microscope. With a magnification of 30 k times, the clear top view 

images of Mg-doped ZnO thin films can be clearly observed in Figure 2. The surface microstructure of 

Mg-doped ZnO at different annealing temperatures looks similar to nanosphere shapes. It was clearly 

observed that by increasing the annealing temperature, the grain size was monotonically increased. To 

calculate the grain size precisely, further analysis was conducted using software. The results of J image 

analysis confirmed that the average particle sizes for Mg-doped ZnO thin films annealed at 400, 500, and 

550 oC were 30 ± 5, 53 ± 9, and 82 ± 17 nm, respectively. A larger particle size at a higher annealing 

temperature was reasonable. It could be explained due to a higher driving force from thermal energy that 

leads to a faster particle growth through Ostwald ripening mechanism. Our findings also well agree with 

some previous reports [15, 16].  



Figure 2d shows the representative energy disperse spectroscopy (EDS) spectra. The spectra exhibit five 

peaks to indicate the presence of zinc, oxygen, magnesium, platinum, and tin in the film. The appearance 

of platinum is contributed from the platinum coating before SEM analysis to improve the conductivity 

while tin comes from the substrate. The presence of a relatively low intensity peaks for Mg compared to 

zinc and O peaks confirmed the success of Mg-doped into ZnO host. Furthermore, the EDS quantitative 

result depicted in Figure 2d) has shown that the concentration of Mg is about 1.32 %, which is slightly 

lower than the experimental design.  

 

(a) (b) 

(c) 



Figure 2. Scanning electron microscope images of Mg-doped ZnO with variations of annealing 

temperatures. (a) 400, (b) 500, (c) 550, and (d) representive EDS analysis 

 

3.2. X-ray diffraction analysis  

 The crystal properties of Mg-doped ZnO were studied by X-ray diffraction technique. The results are 

shown in Figure 3. The X-ray diffraction patterns are similar to a wurtilze crystal structure based on the 

standard card of JCPDF #36-1451 (ZnO) [17]. It is also clearly seen that the intensity of X-ray diffraction 

increases as the temperature of anneling increased, which indicates an improvement in the crystallinity of 

Mg-Doped ZnO films with the rise in temperature.  
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Figure 3. X-ray diffraction pattern of Mg-doped ZnO thin films at different annealing temperatures. 

 



The crystallite size of Mg-doped ZnO thin films at different annealing temperatures was then calculated 

with using Scherer equation [18].  

     𝐷 =
0.9 λ

β cos 𝜃
             (3) 

Where, D is the crysttalite size (nm), λ is the wavelength (nm), β is the full half maxium (rad), and θ is 

Bragg angle (º).  

As listed in Table 1, the cryattalite sizes do not clearly change for different annealing temperatures. All 

as-prepared Mg-doped ZnO thin films have the crystal size about 25 nm.  

Table 1.  Crystallite size of Mg-doped ZnO thin films at different annealing temperatures. 

Temperature 
(oC) 

 

Crystallite 
size (nm) 

 
400 25 

450 24 

500 24 

550 25 

 
3.2. Optical properties 

To study the effect of different annealing temperatures on light absorption and transmission, spectra of as-

prepared Mg-doped ZnO thin films were measured and the results were presented in Figure 4 and Figure 

5, respectively. The absorption peaks of all Mg-doped ZnO thin films are located at a wavelength of 350 

nm, which is the UV-region. As clearly shown in Figure 4, the absorption of Mg-doped ZnO annealed at 

400 is quite low. However, after increasing the annealing temperature to 450 oC and 500 oC the absorption 

sharply elevates. Further, increasing the temperature of annealing to 550 oC leads to a lower absorbance 

but still higher than that at 400 oC. The transmission spectrum in Figure 5 also shows a similar trend to the 

absorption spectra in Figure 4. The thin films show transparency about 50-80 % at the visible light region.  
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Figure 4. Absorption spectra of Mg-doped ZnO thin films at different annealing temperatures. 
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Figure 5. Transmition spectra of Mg-doped ZnO thin films at different annealing temperatures. 

 

The effect of different annealing temperatures on bandgap energies was studied using the Tauc plot, as 

presented in Figure 6. The bandgap values of Mg-doped ZnO thin films are 3.20, 3.24, 3.30, and 3.33 eV 



for annealing at 400, 450, 500 and 550 ºC respectively. The slight increment of bandgap energy with 

increasing temperature due to the increasing of grain size was also reported in the previous studies [19, 

20].  
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Figure 6. Tauc plot of Mg-doped ZnO thin films at different annealing temperatures. 

 
Table 2. Bandgap energy of Mg-doped ZnO thin film at different annealing temperatures. 

       Temperature (oC)     Energy bandgap (eV) 
400 oC 3.20 
450 oC 3.24 
500 oC 3.30 
550 oC 3.33 

.  

3.4. Absorbance of Rhodomyrtus tomentosa dye extract 

The optical absorption spectrum of the extracted rose myrtle (Rhodomyrtus tomentosa) natural dye was 

measured using a UV-Vis spectrophotometer to investigate its sensitivity to light. As shown in Figure 7, 

the natural dye has a strong abosprtion at the visble-light region with an intense aborbance peak at a 



wavelength of 610 nm. This property is very useful for DSSC to improve the light absorption ability. It is 

also well known that 43% of the solar spectrum falls in  the visible light range ; which is much more than 

4%  that irradiates in UV region [21]. The more light can be absorbed, more electron hole can be generated, 

which leads to a higher efficiency of a DSSC device.  
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Figure 7. Absorbance spectrum of natural dye of rose myrtle (Rhodomyrtus tomentosa). 

 

3.5. Efficiency of DSSC 

Table 3 lists the photovoltaic properties of DSSC fabricated from Mg-doped ZnO photoanode films 

(annealed at different temperatures) and the fruit extract of Rhodomyrtus tomentosa as a natural dye 

sensitizer. The efficiency of DSSC device annealed at 400 oC was about 1.66%. By increasing the 

temperature of annealing to 450 oC the efficieceny also was increaseed to 2.36 %. Further increasing the 

temperature of annealing to 500 oC, the efficiency of 3.53 % can be achieved. However, the efficiency 

was observed to decline when the temperature of annealing is 550 oC. Therefore, the optimum temperature 

of annealing is 500 oC with a maximum of power conversion efficiency of 3.53%.  Based on the 



characterization result, the highest efficiency of 3.53% at 550 oC could be contributed to its highest degree 

of crystallinity (as indicated in the XDR spectra) and improved degrre of conductivity of the photoanode 

thin films.  

Table 3. Maximum voltage, current density, fill factor, and efficiency of DSSC for different annealing 
temperatures. 

                     
Temperature 

(°C)  
Vmax  
(V) 

Jmax 
(mA/cm2) 

Pmax 
(W/cm2) 

Pin 
(W/cm2) 

FF 
(%) 

η 
  (%) 

400 0.5 0.15 0.61 36.5 81.0 1.66 
450 0.5 0.12 0.86 36.5 146.8 2.36 
500 0.5 0.20 1.29 36.5 127.4 3.53 
550 0.5 0.78 0.68 36.5 174.2 1.85 

 
 

4. CONCLUSIONS  

We have successfully fabricated a dye-sensitized solar cell (DSSC) device using Mg-doped ZnO thin film 

as the photanode and natural dye of rose myrtle (Rhodomyrtus tomentosa) as the dye sensitizer. The 

electron microscope revealed that the surface of Mg-doped ZnO thin film was nanosphere. It is found that 

increasing the annealing temperature could lead to a larger grain size. The bandgap energy slightly 

increased by increasing the annealing temperature. The dye sensitizer had a strong absorption at the visible 

light region. The maximum efficiency of DSSC device was 3.53% with an anneling temperature of 500 

oC. This work demonstrates that the annealing temperature of photoanode is significantly affect the 

efficiency of DSSC device.  
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ABSTRACT  

A dye-sensitized solar cell (DSSC) device using Mg-doped Zn thin films as photoanode and fruit extract 

of rose myrtle (Rhodomyrtus tomentosa) as the natural dye was investigated. The effect of annealing 

temperature (400-550 oC) on the films of photoanode was systematically studied using an X-ray 

diffractometer (XRD), UV-Visible Near Infrared (UV-Vis NIR) Spectrophotometer, scanning electron 

microscopy (SEM), and energy dispersive spectroscopy ((EDS).  XRD confirm that all sample has the 

wurtzite hexagonal with crystallite size of 25 nm. The SEM images reveal that particles of the surface of 

the Mg-doped ZnO thin film are irregular shapes the surface of Mg-doped ZnO thin film is nanosphere. 

Increasing the annealing temperature leads to a larger grain particle size and slightly increases bandgap 

energy. The dye sensitizer of extracted rose myrtle (Rhodomyrtus tomentosa) has a strong absorption at 

the visible light region. The maximum efficiency of the DSSC device is 3.53% with Mg-ZnO photoanode 

annealed at 500 oC.  
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1. INTRODUCTION  

 The higher demands of for renewable energy continually increase every  single year due to its eco-

friendliness and regenerality. Solar cells have been well known as a device to convert solar energy to 

electricity for decades. However, the conventional solar cells are still competitive in the high price market 

withdue to complicated fabrication process and expensive of raw materials. Dye-sensitized solar cell 

(DSSC), is one of the most promising solar cell types to generate produce renewable energy with a low-

cost material and simple fabrication process [1-3]. The working principal of DSSCs is the utilized during 

the solar irradiation to convert into electric current. After irradiation, the dye sensitizer harvests light and 

causes an electron to promote the conduction band leaving a hole in the valence band. There are numerous 

pigments of plant leaves, fruits, and flowers that have the potential to be utilized in DSSC. The variety of 

pigments with different width of light harvestingwavelengths ranges and degrees of absorptivity in UV-

Visible spectrum can cause different performances of DSSC. The molecules of the dye can be anchored 

into the surface areas of the semiconductor to form Lewis acid-base types of interaction to enhance 

electron transfer from HOMO of the dye molecule (pigment) to the conduction band of the semiconductor 

(anode) [4-7].  

Zinc oxide (ZnO) semiconductor plays an important role as a photoanode to improve the 

conducting interface layer and to enhance the power conversion efficiency (PCE). According to the 

literatures, ZnO has a high electron mobility, wide bandgap (3.37eV), and large exciton binding energy 

of 60 meV [8]. Magnesium (Mg) is one of the metals that is used in many applications such as refractory 

materials, optical and heating apparatus [9, 10]. This materialMg-doped ZnO material also has special 

properties to block the electron due to of its wide bandgap [11, 12]. There are several methods to grow 

thin film on a substrate, such as molecular beam epitaxy, metal organic chemical vapor deposition, plasma 
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enhanced chemical deposition, sputtering method, spray pyrolysis, atomic layer deposition, pulse laser 

deposition, electron beam evaporation, and sol-gel [13]. The sol-gel method has several advantages 

compared to aformentioned methods such as simple, cheap, and efficient [14-16]. By using a sol-gel spin 

coating technique, several parameters like concentration of precursor solution, annealing 

temperaturetemepartaure, annealing time, and so on can be easily tuned in order to achieve the desired 

properties[12, 17].  

In this work, the photoanodes of Mg-doped ZnO thin films were prepared by a sSol-gel spin 

coating method;. To the best of our knowledge, the natural dye from the fruit extract of Rhodomyrtus 

tomentosa has not been reported yet as the dye sensitizer for DSSC. The effect of different annealing 

temperatures on structural and optical properties of Mg-doped ZnO photoanodes as well as the efficiency 

of DSSC device was systematically investigated using necessary characterization tools.  We find that the 

maximum efficiency of the DSSC device is 3.53% with Mg-doped ZnO photoanode annealed at 500 oC. 

 

2. EXPERIMENTAL SECTION  

2.1. Synthesis of Mg-doped ZnO thin films 

Mg-doped ZnO thin films were fabricated using a sol-gel spin coating technique. Typically, zinc Acetate 

dehydrate and magnesium chloride (2 wt.%) were dissolved in isopropanol (35 mL) under continuous 

stirring. After 10 min, 1.7 mL diethanolamine was added slowly into the solution. After refluxing process 

at 90 ºC for about 2 hours, the gel was dropped on top of FTO glass and spun at 5000 rpm for 60 s. After 

the drying process, the samples were annealed at different temperatures of 400, 450, 500, and 550oC for 

5 hours.  

2.2. Extraction of natural dyes 



About 50 grams of Rhodomyrtus tomentosa fruit was ground using a mortar. After being moved into a 

beaker glass, 25 mL DI water, 21 mL ethanol, and 4 mLl acetic acid were added and then stirred to form 

a homogeneoushomogenous solution.  The solution was then covered with aluminum foil to avoid 

photooxidation and socked at room temperature for 24 h. Finally, the solid and liquid parts were separated 

using filter paper. The filtered solution of Rhodomyrtus tomentosa fruit extract was ready to be used as 

the sensitizer in DSSCs.    

2.3. Fabrication of DSSC 

Figure 1 illustrates the schematic fabrication of the DSSC device. First, the as-prepared Mg-doped ZnO 

thin film was used as the photoanode electrode. Natural-dye sensitized from Rhodomyrtus tomentosa fruit 

extract was adsorbed on the top of Mg-doped ZnO photoanode by immersing it into the extracted dye 

solution for several hours. After that, it was taken out and washed with ethanol to remove the unadsorbed 

dye and dried in the oven at 80 ºC . The platinum coated on the glass FTO was used as the counter electrode. 

The DSSCs were assembled by attaching the photoanode and the counter electrode using thermoplastic 

sealant surlyn as glue and separator. And then heated at 80 ºC to let the surlyn perfectly attach to the 

electrodes. The electrolyte was injected through a tiny hole on that was drilled on the counter electrode. 

Finally, that hole was covered with transparent tape.  



 

Figure 1. Schematic of the fabrication of DSSC using Mg-doped ZnO photoanode and fruit extract of 

Rhodomyrtus tomentosa. 

 

2.4. Characterization tools 

To observe the surface morphology of Mg-doped ZnO thin films annealed at different temperatures, a 

scanning electron microscope (JEOL-6500) analysis was performed at an accelerating voltage of 15 kV. 

The X-ray diffraction (XRD) pattern of Mg-doped ZnO thin films were analyzed using an X-ray 

diffractometer (LabX XRD-6100, Shimadzu) with Cu Kα (λ=1.54 Å). The transmittance and absorbance 

spectra were recorded using a UV-Vis NIR spectophotometer.  The efficiency of the DSSC was measured 

using an I-V measurement (Keitly Source Measure Unit) system by irradiating a photoanode electrode 

with a LED and input power of 35 mW/cm2 light source. Several data such as open-circuit voltage (Voc), 

short circuit current density (Jsc), maximum voltage (Vmax), and maximum current (Jmax) were recorded. 

Then, the fill factor (FF) and efficiency (ɳ ) were determined using equations (1) and (2), respectively.  
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 𝐹𝐹 =
𝐽𝑚𝑎𝑥 𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐
                (1) 

ɳ =  𝐹𝐹
𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐

𝑃𝑖𝑛
𝑥 100%                    (2) 

3. RESULTS AND DISCUSSION  

3. 1. Electron microscope analysis  

The surface morphology of Mg-doped ZnO with variation ofannealing  annealing temperatures was 

investigated using a field-emission scanning electron microscope. With a magnification of 30 k times, the 

top view images of Mg-doped ZnO thin films can be clearly observed in Figure 2. The surface 

microstructure of Mg-doped ZnO at different annealing temperatures looks similar toshows nanosphere 

nanoparticles with irregular shapes. It was clearly observed that by increasing the annealing temperature, 

the grain particle size was monotonically increased. Figure 2d shows the representative energy dispersive 

spectroscopy (EDS) spectra. The spectra exhibit five peaks to indicate the presence of zinc, oxygen, 

magnesium, platinum, and tin in the film. The appearance of platinum is contributed from the platinum 

coating before SEM analysis to improve the conductivity while tin comes from the substrate. The presence 

of a relatively low intensity peak for Mg compared to zinc and O peaks confirmed the successful Mg 

doping into ZnO host. Furthermore, the EDS quantitative result depicted in Figure 2d has shown that the 

weight and atomic percentage of Mg are about 0.83 and 1.32 %, respectively.  



 

Figure 2. Scanning electron microscope images of Mg-doped ZnO with variation of annealing 

temperatures. (a) 400, (b) 500, (c) 550, and (d) representive EDS analysis 

 

 

To calculate the grain particle size more precisely, further analysis was conducted using J image-J 

analysis. As shown in Figure 3, the average particle sizes for Mg-doped ZnO thin films annealed at 400, 

500, and 550 oC are 30 ± 5, 53 ± 9, and 82 ± 177 nm, respectively. A larger particle size at a higher 

annealing temperature was reasonable. It could be explained due to a higher driving force from thermal 

(a) (b) 

(c) 



energy that leads to a faster particle growth through Ostwald ripening mechanism. Our findings also well 

agree with some previous reports [18, 19].  
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Figure 3. Particle size distribution of Mg-doped ZnO annealed at (a) 400, (b) 500, and (c) 550 oC 

 

3.2. X-ray diffractionXRD analyses  

 The crystal properties of Mg-doped ZnO were studied by X-ray diffractionXRD technique. The results 

are shown in Figure 43. The XRD patterns are similar to a wurtzite crystal structure based on the standard 

card of JCPDF #36-1451 (ZnO) [20]. The intensity of peaks in Figure 4 gradually elevates as the 
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temperature of annealing increase, which indicates an improvement in the crystallinity of Mg-Doped ZnO 

films.  

30 31 32 33 34 35 36 37 38 39 40 41 42
0

150

300

450

6000

150

300

450

6000

150

300

450

6000

150

300

450

600

(1
0
2
)

(1
0
1
)

(0
0
2
)

In
te

n
s

it
y

 (
a

.u
)

 

2 Theta (degree)

400 C

(1
0
0
)

500 C

450 C
 

 

550 C

 

 

 
Figure 34. XRD pattern of Mg-doped ZnO thin films at different annealing temperatures. 

 

Table 1 lists the summary of structural properties of Mg-doped ZnO thin films at different annealing 

temperatures. The average crystallitecrystallite size of Mg-doped ZnO thin films was calculated at (101) 

plane using Scherer formula as shown in equation (3) [21]. Their crystallite size values are 20.60, 21.23, 

16.83, and 22.9 nm at the annealing temperature of 400, 450, 500, and 550 ºC , respectively. Next, the 

dislocation density (𝛿) of Mg-doped ZnO was further determined by equation (4) [22]. The dislocation 

density of Mg-doped ZnO annealed at 400, 450, 500 and 550 ºC are 2.36 x 10-3, 2.22 x 10-3, 3.53 x 10-3, 

and 1.89 x 10-3 nm-2, respectively. Mg-doped ZnO annealed at 500 ºC has the highest dislocation density 
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compared to other samples. Macrostrain value that indicates the peak shift position was calculated 

according to equation (5) [23]. Based on the database, the (101) plane for ZnO located at 36.25 º with an 

interplanar spacing of 2.4759 Å. However, the (101) plane for our Mg-doped ZnO is found at about 37.00 

º for 2θ with a calculated interplanar spacing of 2.4272 Å. The peak shifting of about 0.75 º for 2θ also 

indicates that Mg as a dopant has been successfully doped into ZnO host lattice [24]. The macrostrain 

value was similar for different temperatures with a value of 1.97 x 10-2 because of their similarity in peak 

position. Based on the previous reports [25, 26], the lattice parameters a and c of Mg-doped ZnO were 

estimated to be about 3.172 Å and 5.080 Å using equations (6) and (7), respectively. The lattice parameter 

a at (100) plane did not significantly different for different annealing temperatures because their peak 

position was located almost in the same diffraction angle. Similarly, the lattice parameter c at (002) plane 

also very similar at different annealing temperatures, as listed in Table 1.  

𝐷 =
0.9 λ

β cos 𝜃
         (3) 

Where, D is the crystallitecrysttalite size (nm), λ is the wavelength (nm), β is the full half maximum, 

FWHM (rad), and θ is Bragg angle (º).  

   𝛿 =
1

𝐷2
          (4) 

  〈𝑒〉 =
𝑑−𝑑𝑜

𝑑𝑜
       (5) 

Where, do is the interplanar spacing of pure ZnO without deformation while d is the calculated interplanar 

spacing for Mg-doped ZnO at (101) plane using Bragg law.  

 

  𝑎 =
𝜆

√3 sin 𝜃(100)
    (6) 

   𝑐 =
𝜆

sin 𝜃(002)
     (7) 
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Table 1.  Summary of crystal properties of FWHM, Ccrystallite size, dislocation density, macrostrain 

values, and  lattice parameters (a and c) of Mg-doped ZnO thin films at different annealing temperatures. 

Temperature 
(oC) 

 

FWHM/β 
(rad) 

Crystallite 
size (nm) 

 

Dislocation 
density  

x 10-3 (nm-2) 

Macro 
strain values  

<e> 

Lattice parameters 
(Å) 

a c 

400 0.4065 20.6025 2.36 1.97 x 10-2 3.176 5.082 

450 0.3945 21.2324 2.22 1.97 x 10-2 3.172 5.080 

500 0.4976 16.8324 3.53 1.97 x 10-2 3.175 5.083 

550 0.3645 22.925 1.89 1.97 x 10-2 3.173 5.080 

 
3.2. Optical properties 

To study the effect of different annealing temperatures on optical properties, the absorption and 

transmission spectra of Mg-doped ZnO thin films were measured and presented in Figure 54 and Figure 

56, respectively. The absorption peaks of all Mg-doped ZnO thin films are located at a wavelength of 350 

nm, which is at the UV region. As clearly shown in Figure 54, the absorption of Mg-doped ZnO annealed 

at 400 is quite low. However, after increasing the annealing temperature to 450 oC and 500 oC the 

absorption sharply elevates. Further, increasing the temperature of annealing to 550 oC leads to a lower 

absorbance but still higher than that at 400 oC. The transmission spectrum in Figure 65 exhibits 

transmission spectra of Mg-doped ZnO which also shows shows a similar trend to the absorption spectra 

in Figure 54. The thin films haveshow transparency about 50-80 % at the visible light region.  
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Figure 54. Absorbanception spectrraa of Mg-doped ZnO thin films at different annealing 

temperatures. 
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Figure 56. TransmitanceTransmition spectruma of Mg-doped ZnO thin films at different 

annealing temperatures. 

 

Field Code Changed



The bandgap energy of Mg-doped ZnO thin films was further derived based on the optical absorption data 

and plotted in Figure 7. As listed in Table in 2, bandgap energy values are 3.20, 3.24, 3.30, and 3.33 eV 

for annealing at 400, 450, 500, and 550, ºC respectively. The slight increment of bandgap energy with 

increasing temperature might be due to the Burstein–Moss effect as reported in previous studies [25, 27]. 
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Figure 76. Tauc plot of Mg-doped ZnO thin films at different annealing temperatures. 

 
Table 2. Bandgap energy of Mg-doped ZnO thin film at different annealing temperatures. 

       Temperature (oC)     Bandgap energy (eV) 

400 oC 3.20 

450 oC 3.24 

500 oC 3.30 

550 oC 3.33 

.  

3.4. Absorbance of Rhodomyrtus tomentosa dye extract 
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The optical absorption spectrum of the extracted rose myrtle (Rhodomyrtus tomentosa) natural dye was 

measured using a UV-Vis spectrophotometer to investigate its sensitivity to light. As shown in Figure 87, 

the natural dye has a strong absoprtion at the visible-light region with an intense absorbance peak at a 

wavelength of 610 nm. This property is very useful for DSSC to improve the light absorption ability. It is 

also well known that about 43% of the solar spectrum falls in the visible light range ; which is much more 

than and only  4%  is that irradiates in the UV region [28]. The more light can be absorbed, the more 

electron-hole can be generated, which leads to a higher efficiency of a DSSC device.  
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Figure 78. Absorbance spectrum of natural dye of extracted rose myrtle (Rhodomyrtus tomentosa). 

 

3.5. Efficiency of DSSC 

Figure 9 exhibits the J-V characteristic curve of DSSC with Mg-doped ZnO as photoanode at different 

annealing temperatures and the fruit extract of Rhodomyrtus tomentosa as a natural dye sensitizer. Further, 

the photovoltaic properties of DSSC are listed in Table 3. The open-circuit voltage (Voc) at different 

annealing temperatures was similar with a value of 0.5 V. In contrast, the short-circuit current (Jsc) was 

significantly different. The Jsc values are 3.83, 4.55, 8.77, and 4.03 mA/cm2 at annealing temperatures of 



400, 450, 500, and 550 oC, respectively. The efficiency of the DSSC device annealed at 400 oC was about 

1.66%. By increasing the annealing temperature to 450 oC the efficiency also was increased to 2.36 %. 

Further increasing the annealing temperature to 500 oC, the efficiency of 3.53 % can be achieved. 

However, the efficiency was observed to decline when the annealing temperature is 550 oC. Therefore, 

the optimum annealing temperature is 500 oC with a maximum power conversion efficiency of 3.53%.  

Based on the characterization results, the highest efficiency of 3.53% at 5050 oC could be contributed due 

to its highest degree of optical absorption (as indicated in therevealed by UV-Vis analysis in Figure 

5.spectra) and improved degrre of conductivity of the photoanode thin films.  
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Figure 9. J-V characteristic curve of DSSC using Mg-doped ZnO as photoanode at different annealing 

temperatures.  

Table 3. Summary of electrical properties including Mopen-circuit voltage, short-circuit current, fill 

factor, and efficiency of DSSC for different annealing temperatures. 

                     
Temperature 

(°C)  
Vocmax  

(V) 

Jscmax 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF 

(%) 

η 

  (%) 

Field Code Changed

Formatted: Centered



400 0.5 3.830.15 0.61 81.031.70 1.66 

450 0.5 4.550.12 0.86 

37.93146.

8 2.36 

500 0.5 8.770.20 1.29 

29.42127.

4 3.53 

550 0.5 4.030.78 0.68 

33.47174.

2 1.85 

 
 

4. CONCLUSIONS  

We have successfully fabricated a dye-sensitized solar cell (DSSC) device using Mg-doped ZnO thin film 

as the photoanode and natural dye of rose myrtle (Rhodomyrtus tomentosa) as the dye sensitizer. The 

scanning electron microscope analysis revealed that the surface of Mg-doped ZnO thin film was 

nanosphereparticles with irregular shapes. It is found that increasing the annealing temperature led to a 

larger grain particle size and slightly increased bandgap energy. The natural rose myrtle dye sensitizer had 

a strong absorption at the visible light region. The maximum efficiency of the DSSC device was 3.53% at 

an annealing temperature of 500 oC. This work demonstrates that the annealing temperature of photoanode 

significantly affects the efficiency of the DSSC device.  
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ABSTRACT  

A dye-sensitized solar cell (DSSC) device using Mg-doped Zn thin films as photoanode and fruit extract 

of rose myrtle (Rhodomyrtus tomentosa) as the natural dye was investigated. The effect of annealing 

temperature (400-550 oC) on the films of photoanode was systematically studied using an X-ray 

diffractometer (XRD), UV-Visible Near Infrared (UV-Vis NIR) Spectrophotometer, scanning electron 

microscopy (SEM), and energy dispersive spectroscopy (EDS).  XRD confirm that all sample has the 

wurtzite hexagonal with crystallite size of 25 nm. The SEM images reveal that particles on of the surface 

of the Mg-doped ZnO thin film ofare irregular shapes. Increasing the annealing temperature leads to a 

larger particle size and slightly increases bandgap energy. The dye sensitizer of extracted rose myrtle 

(Rhodomyrtus tomentosa) has a strong absorption at the visible light region. The maximum efficiency of 

the DSSC device is 3.53% with Mg-ZnO photoanode annealed at 500 oC.  

Keywords: Dye Sensitized Solar Cell, Mg-doped ZnO, sol-gel spin coating, natural dye 
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1. INTRODUCTION  

 The demands for renewable energy continually increase every year due to its eco-friendliness. Solar cells 

have been well known as a device to convert solar energy to electricity for decades. However, the 

conventional solar cells are still high price due to complicated fabrication process and expensive of raw 

materials. Dye-sensitized solar cell (DSSC), is one of the most promising solar cell types to produce 

renewable energy with a low-cost material and simple fabrication process [1-3]. After irradiation, the dye 

sensitizer harvests light and causes an electron to promote the conduction band leaving a hole in the 

valence band. There are numerous pigments of plant leaves, fruits, and flowers that have the potential to 

be utilized in DSSC. The variety of pigments with different absoprtion wavelengths and degrees of 

absorptivity in UV-Visible spectrum can cause different performances of DSSC. The molecules of the dye 

can be anchored into the surface areas of the semiconductor to form Lewis acid-base types of interaction 

to enhance electron transfer from HOMO of the dye molecule (pigment) to the conduction band of the 

semiconductor (anode) [4-7].  

Zinc oxide (ZnO) semiconductor plays an important role as a photoanode to improve the 

conducting interface layer and to enhance the power conversion efficiency (PCE). According to the 

literature, ZnO has a high electron mobility, wide bandgap (3.37eV), and large exciton binding energy of 

60 meV [8]. Magnesium (Mg) is one of the metals that is used in many applications such as refractory 

materials, optical and heating apparatus [9, 10]. Mg-doped ZnO material also has special properties to 

block the electron due to of its wide bandgap [11, 12]. There are several methods to grow thin film on a 

substrate, such as molecular beam epitaxy, metal organic chemical vapor deposition, plasma enhanced 

chemical deposition, sputtering method, spray pyrolysis, atomic layer deposition, pulse laser deposition, 

electron beam evaporation, and sol-gel [13]. The sol-gel method has several advantages compared to 

aformentioned methods such as simple, cheap, and efficient [14-16]. By using a sol-gel spin coating 



technique, several parameters like concentration of precursor solution, annealing temperature, annealing 

time, and so on can be easily tuned in order to achieve the desired properties[12, 17].  

In this work, the photoanodes of Mg-doped ZnO thin films were prepared by a sol-gel spin coating 

method. To the best of our knowledge, the natural dye from the fruit extract of Rhodomyrtus tomentosa 

has not been reported yet as the dye sensitizer for DSSC. The effect of different annealing temperatures 

on structural and optical properties of Mg-doped ZnO photoanodes as well as the efficiency of DSSC 

device was systematically investigated using necessary characterization tools.  We find that the maximum 

efficiency of the DSSC device is 3.53% with Mg-doped ZnO photoanode annealed at 500 oC. 

 

2. EXPERIMENTAL SECTION  

2.1. Synthesis of Mg-doped ZnO thin films 

Mg-doped ZnO thin films were fabricated using a sol-gel spin coating technique. Typically, zinc Acetate 

dehydrate and magnesium chloride (2 wt.%) were dissolved in isopropanol (35 mL) under continuous 

stirring. After 10 min, 1.7 mL diethanolamine was added slowly into the solution. After refluxing process 

at 90 ºC for about 2 hours, the gel was dropped on top of FTO glass and spun at 5000 rpm for 60 s. After 

the drying process, the samples were annealed at different temperatures of 400, 450, 500, and 550oC for 

5 hours.  

2.2. Extraction of natural dyes 

About 50 grams of Rhodomyrtus tomentosa fruit was ground using a mortar. After being moved into a 

beaker glass, 25 mL DI water, 21 mL ethanol, and 4 mL acetic acid were added and then stirred to form a 

homogeneous solution.  The solution was then covered with aluminum foil to avoid photooxidation and 

socked at room temperature for 24 h. Finally, the solid and liquid parts were separated using filter paper. 



The filtered solution of Rhodomyrtus tomentosa fruit extract was ready to be used as the sensitizer in 

DSSCs.    

2.3. Fabrication of DSSC 

Figure 1 illustrates the schematic fabrication of the DSSC device. First, the as-prepared Mg-doped ZnO 

thin film was used as the photoanode electrode. Natural-dye sensitized from Rhodomyrtus tomentosa fruit 

extract was adsorbed on the top of Mg-doped ZnO photoanode by immersing it into the extracted dye 

solution for several hours. After that, it was taken out and washed with ethanol to remove the unadsorbed 

dye and dried in the oven at 80 ºC . The commercial platinum coated on the glass FTO was used as the 

counter electrode. The DSSCs were assembled by attaching the photoanode and the counter electrode 

using thermoplastic sealant surlyn as glue and separator. And then heated at 80 ºC to let the surlyn perfectly 

attach to the electrodes. The electrolyte was injected through a tiny hole on that was drilled on the counter 

electrode. Finally, that hole was covered with transparent tape.  

 



Figure 1. Schematic of the fabrication of DSSC using Mg-doped ZnO photoanode and fruit extract of 

Rhodomyrtus tomentosa. 

 

2.4. Characterization tools 

To observe the surface morphology of Mg-doped ZnO thin films annealed at different temperatures, a 

scanning electron microscope (JEOL-6500) analysis was performed at an accelerating voltage of 15 kV. 

The X-ray diffraction (XRD) pattern of Mg-doped ZnO thin films were analyzed using an X-ray 

diffractometer (LabX XRD-6100, Shimadzu) with Cu Kα (λ=1.54 Å). The transmittance and absorbance 

spectra were recorded using a UV-Vis NIR spectophotometer.  The efficiency of the DSSC was measured 

using an I-V measurement (Keitly Source Measure Unit) system by irradiating a photoanode electrode 

with a LED and input power of 35 mW/cm2. Several data such as open-circuit voltage (Voc), short circuit 

current density (Jsc), maximum voltage (Vmax), and maximum current (Jmax) were recorded. Then, the fill 

factor (FF) and efficiency (ɳ ) were determined using equations (1) and (2), respectively.  

 𝐹𝐹 =
𝐽𝑚𝑎𝑥 𝑥 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐
                (1) 

ɳ =  𝐹𝐹
𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐

𝑃𝑖𝑛
𝑥 100%                    (2) 

3. RESULTS AND DISCUSSION  

3. 1. Electron microscope analysis  

The surface morphology of Mg-doped ZnO with variation of annealing temperatures was investigated 

using a field-emission scanning electron microscope. With a magnification of 30 k times, the top view 

images of Mg-doped ZnO thin films can be clearly observed in Figure 2. The surface microstructure of 

Mg-doped ZnO at different annealing temperatures shows nanoparticles with irregular shapes. It was 

clearly observed that by increasing the annealing temperature, the particle size was monotonically 



increased. Figure 2d shows the representative energy dispersive spectroscopy (EDS) spectra. The spectra 

exhibit five peaks to indicate the presence of zinc, oxygen, magnesium, platinum, and tin in the film. The 

appearance of platinum is contributed from the platinum coating before SEM analysis to improve the 

conductivity while tin comes from the substrate. The presence of a relatively low intensity peak for Mg 

compared to zinc and O peaks confirmed the successful Mg doping into ZnO host. Furthermore, the EDS 

quantitative result depicted in Figure 2d has shown that the weight and atomic percentage of Mg are about  

0.83 and 1.32 %, respectively.  
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Figure 2. Scanning electron microscope images of Mg-doped ZnO with variation of annealing 

temperatures. (a) 400, (b) 500, (c) 550, and (d) representive EDS analysis 

 

 

To calculate the particle size more precisely, further analysis was conducted using image-J analysis. As 

shown in Figure 3a-c, the average particle sizes for Mg-doped ZnO thin films annealed at 400, 500, and 

550 oC are 30 ± 5, 53 ± 9, and 82 ± 17 nm, respectively. A larger particle size at a higher annealing 

temperature was reasonable. It could be explained due to a higher driving force from thermal energy that 

leads to a faster particle growth through Ostwald ripening mechanism. Our findings also well agree with 

some previous reports [18, 19].  
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Figure 3. Particle size distribution of Mg-doped ZnO annealed at (a) 400, (b) 500, and (c) 550 oC 

 

3.2. XRD analyses  

 The crystal properties of Mg-doped ZnO were studied by XRD technique. The results are shown in Figure 

4. The XRD patterns are similar to a wurtzite crystal structure based on the standard card of JCPDF #36-

1451 (ZnO) [20]. Three peaks that located at 32.5º, 35.3º, and 37.0º for 2θ could be assigned as (100), 

(001) and (101) planes of ZnO, respectively. The other weak peak at about 38.5º might be contributed by 

impurity as reported in the previous work [21]. The intensity of peaks in Figure 4 gradually elevates as 



the temperature of annealing increase, which indicates an improvement in the crystallinity of Mg-Doped 

ZnO films.  
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Figure 4. XRD pattern of Mg-doped ZnO thin films at different annealing temperatures. 

 

Table 1 lists the summary of structural properties of Mg-doped ZnO thin films at different annealing 

temperatures. The average crystallite size of Mg-doped ZnO thin films was calculated at (101) plane using 

Scherer formula as shown in equation (3) [22]. Their crystallite size values are 20.60, 21.23, 16.83, and 

22.9 nm at the annealing temperature of 400, 450, 500, and 550 ºC , respectively. Next, the dislocation 

density (𝛿) of Mg-doped ZnO was further determined by equation (4) [23]. The dislocation density of 

Mg-doped ZnO annealed at 400, 450, 500 and 550 ºC are 2.36 x 10-3, 2.22 x 10-3, 3.53 x 10-3, and 1.89 x 

10-3 nm-2, respectively. Mg-doped ZnO annealed at 500 ºC has the highest dislocation density compared 



to other samples. Macrostrain value that indicates the peak shift position was calculated according to 

equation (5) [24]. Based on the database, the (101) plane for ZnO located at 36.25 º with an interplanar 

spacing of 2.4759 Å. However, the (101) plane for our Mg-doped ZnO is found at about 37.00 º for 2θ 

with a calculated interplanar spacing of 2.4272 Å. The peak shifting of about 0.75 º for 2θ also indicates 

that Mg as a dopant has been successfully doped into ZnO host lattice [25]. The macrostrain value was 

similar for different temperatures with a value of 1.97 x 10-2 because of their similarity in peak position. 

Based on the previous reports [26, 27], the lattice parameters a and c of Mg-doped ZnO were estimated 

to be about 3.172 Å and 5.080 Å using equations (6) and (7), respectively. The lattice parameter a at (100) 

plane did not significantly different for different annealing temperatures because their peak position was 

located almost in the same diffraction angle. Similarly, the lattice parameter c at (002) plane also very 

similar at different annealing temperatures, as listed in Table 1.  

𝐷 =
0.9 λ

β cos 𝜃
         (3) 

Where, D is the crystallite size (nm), λ is the wavelength (nm), β is the full half maximum, FWHM (rad), 

and θ is Bragg angle (º).  

   𝛿 =
1

𝐷2
          (4) 

  〈𝑒〉 =
𝑑−𝑑𝑜

𝑑𝑜
       (5) 

Where, do is the interplanar spacing of pure ZnO without deformation while d is the calculated interplanar 

spacing for Mg-doped ZnO at (101) plane using Bragg law.  

 

  𝑎 =
𝜆

√3 sin 𝜃(100)
    (6) 

   𝑐 =
𝜆

sin 𝜃(002)
     (7) 



Table 1.  Summary of crystal properties of FWHM, crystallite size, dislocation density, macrostrain 

values, and lattice parameters (a and c) of Mg-doped ZnO thin films at different annealing temperatures. 

Temperature 
(oC) 

FWHM/β 
(rad) 

Crystallite 
size (nm) 

Dislocation 
density  

x 10-3 (nm-2) 

Macro 
strain values  

<e> 

Lattice parameters 
(Å) 

a c 

400 0.4065 20.60 2.36 1.97 x 10-2 3.176 5.082 

450 0.3945 21.23 2.22 1.97 x 10-2 3.172 5.080 

500 0.4976 16.83 3.53 1.97 x 10-2 3.175 5.083 

550 0.3645 22.9 1.89 1.97 x 10-2 3.173 5.080 

 
3.2. Optical properties 

To study the effect of different annealing temperatures on optical properties, the absorption and 

transmission spectra of Mg-doped ZnO thin films were measured and presented in Figure 5 and Figure 6, 

respectively. The absorption peaks of all Mg-doped ZnO thin films are located at a wavelength of 350 nm, 

which is at the UV region. As clearly shown in Figure 5, the absorption of Mg-doped ZnO annealed at 

400 oC is quite low. However, after increasing the annealing temperature to 450 oC and 500 oC the 

absorption sharply elevates. Further increasing the temperature of annealing to 550 oC leads to a lower 

absorbance but still higher than that at 400 oC. Figure 6 exhibits transmission spectra of Mg-doped ZnO 

which also shows a similar trend to the absorption spectra in Figure 5. The thin films have transparency 

about 50-80 % at visible light region.  
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Figure 5. Absorbance spectra of Mg-doped ZnO thin films at different annealing temperatures. 
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Figure 6. Transmitance spectrum of Mg-doped ZnO thin films at different annealing temperatures. 

 



The bandgap energy of Mg-doped ZnO thin films was further derived based on the optical absorption data 

and plotted in Figure 7. As listed in Table in 2, bandgap energy values are 3.20, 3.24, 3.30, and 3.33 eV 

for annealing at 400, 450, 500, and 550, ºC respectively. The slight increment of bandgap energy with 

increasing temperature might be due to the Burstein–Moss effect as reported in previous studies [26, 28]. 
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Figure 7. Tauc plot of Mg-doped ZnO thin films at different annealing temperatures. 

 
Table 2. Bandgap energy of Mg-doped ZnO thin film at different annealing temperatures. 

       Temperature (oC)     Bandgap energy (eV) 

400  3.20 

450  3.24 

500  3.30 

550 3.33 

.  

3.4. Absorbance of Rhodomyrtus tomentosa dye extract 



The optical absorption spectrum of the extracted rose myrtle (Rhodomyrtus tomentosa) natural dye was 

measured using a UV-Vis spectrophotometer to investigate its sensitivity to light. As shown in Figure 8, 

the natural dye has a strong absoprtion at the visible-light region with an intense absorbance peak at a 

wavelength of 610 nm. This property is very useful for DSSC to improve the light absorption ability. It is 

also well known that about 43% of the solar spectrum falls in the visible light range and only  4%  is in 

the UV region [29]. The more light can be absorbed, the more electron-hole can be generated, which leads 

to a higher efficiency of a DSSC device.  
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Figure 8. Absorbance spectrum of natural dye of extracted rose myrtle (Rhodomyrtus tomentosa). 

 

3.5. Efficiency of DSSC 

Figure 9 exhibits the J-V characteristic curve of DSSC with Mg-doped ZnO as photoanode at different 

annealing temperatures and the fruit extract of Rhodomyrtus tomentosa as a natural dye sensitizer. Further, 

the photovoltaic properties of DSSC are listed in Table 3. The open-circuit voltage (Voc) at different 

annealing temperatures was similar with a value of 0.5 V. In contrast, the short-circuit current (Jsc) was 

significantly different. The Jsc values are 3.83, 4.55, 8.77, and 4.03 mA/cm2 at annealing temperatures of 



400, 450, 500, and 550 oC, respectively. The efficiency of the DSSC device annealed at 400 oC was about 

1.66%. By increasing the annealing temperature to 450 oC the efficiency also was increased to 2.36 %. 

Further increasing the annealing temperature to 500 oC, the efficiency of 3.53 % can be achieved. 

However, the efficiency was observed to decline when the annealing temperature is 550 oC. Therefore, 

the optimum annealing temperature is 500 oC with a maximum power conversion efficiency of 3.53%.  

Based on the characterization results, the highest efficiency of 3.53% at 500 oC could be contributed due 

to its highest optical absorption as revealed by UV-Vis analysis in Figure 5.  
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Figure 9. J-V characteristic curve of DSSC using Mg-doped ZnO as photoanode at different annealing 

temperatures.  

Table 3. Summary of electrical properties including open-circuit voltage, short-circuit current, fill factor, 

and efficiency of DSSC for different annealing temperatures. 

                     
Temperature 

(°C)  
Voc  

(V) 

Jsc 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF 

(%) 

η 

  (%) 

400 0.5 3.83 0.61 31.70 1.66 

450 0.5 4.55 0.86 37.93 2.36 



500 0.5 8.77 1.29 29.42 3.53 

550 0.5 4.03 0.68 33.47 1.85 

 
 

4. CONCLUSIONS  

We have successfully fabricated a dye-sensitized solar cell (DSSC) device using Mg-doped ZnO thin film 

as the photoanode and natural dye of rose myrtle (Rhodomyrtus tomentosa) as the dye sensitizer. The 

scanning electron microscope analysis revealed that the surface of Mg-doped ZnO thin film was particles 

with irregular shapes. It is found that increasing the annealing temperature led to a larger particle size and 

slightly increased bandgap energy. The natural rose myrtle dye sensitizer had a strong absorption at the 

visible light region. The maximum efficiency of the DSSC device was 3.53% at an annealing temperature 

of 500 oC. This work demonstrates that the annealing temperature of photoanode significantly affects the 

efficiency of the DSSC device.  
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A dye-sensitized solar cell (DSSC) device using Mg-doped Zn thin films as photoanode and fruit extract of rose myrtle
(Rhodomyrtus tomentosa) as the natural dye was investigated. The effect of annealing temperature (400-550°C) on the films of
photoanode was systematically studied using an X-ray diffractometer (XRD), UV-Visible Near Infrared (UV-Vis NIR)
Spectrophotometer, scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS). XRD confirm that all
sample has the wurtzite hexagonal with crystallite size of 25 nm. The SEM images reveal particles on the surface of the Mg-
doped ZnO thin film of irregular shapes. Increasing the annealing temperature leads to a larger particle size and slightly
increases bandgap energy. The dye sensitizer of extracted rose myrtle (Rhodomyrtus tomentosa) has a strong absorption at the
visible light region. The maximum efficiency of the DSSC device is 3.53% with Mg-ZnO photoanode annealed at 500°C.

1. Introduction

The demands for renewable energy continually increase
every year due to its eco-friendliness. Solar cells have been
well known as a device to convert solar energy to electricity
for decades. However, conventional solar cells are still high
priced due to complicated fabrication process and expensive-
ness of raw materials. Dye-sensitized solar cell (DSSC) is one
of the most promising solar cell types to produce renewable
energy with a low-cost material and simple fabrication pro-
cess [1–3]. After irradiation, the dye sensitizer harvests light
and causes an electron to promote the conduction band leav-
ing a hole in the valence band. There are numerous pigments
of plant leaves, fruits, and flowers that have the potential to
be utilized in DSSC. The variety of pigments with different
absorption wavelengths and degrees of absorptivity in the
UV-visible spectrum can cause different performances of

DSSC. The molecules of the dye can be anchored into the
surface areas of the semiconductor to form Lewis acid-base
types of interaction to enhance electron transfer from
HOMO of the dye molecule (pigment) to the conduction
band of the semiconductor (anode) [4–7].

Zinc oxide (ZnO) semiconductor plays an important
role as a photoanode to improve the conducting interface
layer and to enhance the power conversion efficiency
(PCE). According to the literature, ZnO has a high electron
mobility, wide bandgap (3.37 eV), and large exciton binding
energy of 60meV [8]. Magnesium (Mg) is one of the metals
that is used in many applications such as refractory materials
and optical and heating apparatus [9, 10]. Mg-doped ZnO
material also has special properties to block the electron
due to its wide bandgap [11, 12]. There are several methods
to grow thin film on a substrate, such as molecular beam epi-
taxy, metal-organic chemical vapor deposition, plasma-
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enhanced chemical deposition, sputtering method, spray
pyrolysis, atomic layer deposition, pulse laser deposition,
electron beam evaporation, and sol-gel [13]. The sol-gel
method has several advantages compared to the aforemen-
tioned methods such as simple, cheap, and efficient [14].
By using a sol-gel spin coating technique, several parameters
like concentration of precursor solution, annealing tempera-
ture, and annealing time can be easily tuned in order to
achieve the desired properties [12, 15].

In this work, the photoanodes of Mg-doped ZnO thin
films were prepared by a sol-gel spin coating method. To
the best of our knowledge, the natural dye from the fruit
extract of Rhodomyrtus tomentosa has not been reported
yet as the dye sensitizer for DSSC. The effect of different
annealing temperatures on structural and optical properties
of Mg-doped ZnO photoanodes as well as the efficiency of
DSSC device was systematically investigated using necessary
characterization tools. We find that the maximum efficiency
of the DSSC device is 3.53% with Mg-doped ZnO photoa-
node annealed at 500°C.

2. Experimental Section

2.1. Synthesis of Mg-Doped ZnO Thin Films. Mg-doped ZnO
thin films were fabricated using a sol-gel spin coating tech-
nique. Typically, zinc acetate dihydrate and magnesium
chloride (2wt.%) were dissolved in isopropanol (35mL)
under continuous stirring. After 10min, 1.7mL diethanola-
mine was added slowly into the solution. After refluxing
process at 90°C for about 2 hours, the gel was dropped on
top of FTO glass and spun at 5000 rpm for 60 s. After the
drying process, the samples were annealed at different tem-
peratures of 400, 450, 500, and 550°C for 5 hours.

2.2. Extraction of Natural Dyes. About 50 grams of Rhodo-
myrtus tomentosa fruit was ground using a mortar. After
being moved into a beaker glass, 25mL DI water, 21mL eth-
anol, and 4mL acetic acid were added and then stirred to
form a homogeneous solution. The solution was then cov-
ered with aluminum foil to avoid photooxidation and socked
at room temperature for 24h. Finally, the solid and liquid
parts were separated using filter paper. The filtered solution
of Rhodomyrtus tomentosa fruit extract was ready to be used
as the sensitizer in DSSCs.

2.3. Fabrication of DSSC. Figure 1 illustrates the schematic
fabrication of the DSSC device. First, the as-prepared Mg-
doped ZnO thin film was used as the photoanode electrode.
Natural dye sensitized from Rhodomyrtus tomentosa fruit
extract was adsorbed on the top of Mg-doped ZnO photoa-
node by immersing it into the extracted dye solution for sev-
eral hours. After that, it was taken out and washed with
ethanol to remove the unadsorbed dye and dried in the oven
at 80°C. The commercial platinum coated on the glass FTO
was used as the counter electrode. The DSSCs were assem-
bled by attaching the photoanode and the counter electrode
using thermoplastic sealant surlyn as glue and separator and
then heated at 80°C to let the surlyn perfectly attach to the
electrodes. The electrolyte was injected through a tiny hole

that was drilled on the counter electrode. Finally, that hole
was covered with transparent tape.

2.4. Characterization Tools. To observe the surface morphol-
ogy of Mg-doped ZnO thin films annealed at different tem-
peratures, a scanning electron microscope (JEOL-6500)
analysis was performed at an accelerating voltage of 15 kV.
The X-ray diffraction (XRD) pattern of Mg-doped ZnO thin
films was analyzed using an X-ray diffractometer (LabX
XRD-6100, Shimadzu) with Cu Kα (λ = 1:54Å). The trans-
mittance and absorbance spectra were recorded using a
UV-Vis NIR spectrophotometer. The efficiency of the DSSC
was measured using an I-V measurement (Keithley Source
Measure Unit) system by irradiating a photoanode electrode
with a LED and input power of 35mW/cm2. Several data
such as open-circuit voltage (Voc), short circuit current den-
sity (Jsc), maximum voltage (Vmax), and maximum current
(Jmax) were recorded. Then, the fill factor (FF) and efficiency
(ɳ) were determined using equations (1) and (2), respec-
tively.

FF = Jmax ×Vmax
Jsc ×Voc

,  ð1Þ

ɳ = FF Jsc ×Voc
Pin

× 100%:  ð2Þ

3. Results and Discussion

3.1. Electron Microscope Analysis. The surface morphology
of Mg-doped ZnO with variation of annealing temperatures
was investigated using a field-emission scanning electron
microscope. With a magnification of 30k times, the top view
images of Mg-doped ZnO thin films can be clearly observed
in Figure 2. The surface microstructure of Mg-doped ZnO at
different annealing temperatures shows nanoparticles with
irregular shapes. It was clearly observed that by increasing
the annealing temperature, the particle size was monotoni-
cally increased. Figure 2(d) shows the representative energy
dispersive spectroscopy (EDS) spectra. The spectra exhibit
five peaks to indicate the presence of zinc, oxygen, magne-
sium, platinum, and tin in the film. The appearance of plat-
inum is contributed from the platinum coating before SEM
analysis to improve the conductivity while tin comes from
the substrate. The presence of a relatively low-intensity peak

Cover hole with tape Inject electrolyte

Paste the separator Attach
counter

electrode

Immerse in dye solution

PhotoanodeMg-Zno thin film

Figure 1: Schematic of the fabrication of DSSC using Mg-doped
ZnO photoanode and fruit extract of Rhodomyrtus tomentosa.
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for Mg compared to zinc and O peaks confirmed the suc-
cessful Mg doping into ZnO host. Furthermore, the EDS
quantitative result depicted in Figure 2(d) has shown that
the weight and atomic percentage of Mg are about 0.83
and 1.32%, respectively.

To calculate the particle size more precisely, further
analysis was conducted using ImageJ analysis. As shown in
Figures 3(a)–3(c), the average particle sizes for Mg-doped
ZnO thin films annealed at 400, 500, and 550°C are 30 ± 5,
53 ± 9, and 82 ± 17nm, respectively. A larger particle size
at a higher annealing temperature was reasonable. It could
be explained due to a higher driving force from thermal
energy that leads to a faster particle growth through Ostwald
ripening mechanism. Our findings also well agree with some
previous reports [16, 17].

3.2. XRD Analyses. The crystal properties of Mg-doped ZnO
were studied by the XRD technique. The results are shown
in Figure 4. The XRD patterns are similar to a wurtzite crys-
tal structure based on the standard card of JCPDF #36-1451
(ZnO) [18]. Three peaks that located at 32.5°, 35.3°, and
37.0° for 2θ could be assigned as (100), (001), and (101)
planes of ZnO, respectively. The other weak peak at about
38.5° might be contributed by impurity as reported in the
previous work [19]. The intensity of peaks in Figure 4 grad-

ually elevates as the temperature of annealing increases,
which indicates an improvement in the crystallinity of Mg-
doped ZnO films.

Table 1 lists the summary of structural properties of Mg-
doped ZnO thin films at different annealing temperatures.
The average crystallite size of Mg-doped ZnO thin films
was calculated at (101) plane using the Scherrer formula as
shown in equation (3) [20]. Their crystallite size values are
20.60, 21.23, 16.83, and 22.9 nm at the annealing tempera-
ture of 400, 450, 500, and 550°C, respectively. Next, the dis-
location density (δ) of Mg-doped ZnO was further
determined by equation (4) [21]. The dislocation density of
Mg-doped ZnO annealed at 400, 450, 500, and 550°C is
2:36 × 10−3, 2:22 × 10−3, 3:53 × 10−3, and 1:89 × 10−3 nm-2,
respectively. Mg-doped ZnO annealed at 500°C has the high-
est dislocation density compared to other samples. Macro-
strain value that indicates the peak shift position was
calculated according to equation (5) [22]. Based on the data-
base, the (101) plane for ZnO is located at 36.25° with an
interplanar spacing of 2.4759Å. However, the (101) plane
for our Mg-doped ZnO is found at about 37.00° for 2θ with
a calculated interplanar spacing of 2.4272Å. The peak shift-
ing of about 0.75° for 2θ also indicates that Mg as a dopant
has been successfully doped into ZnO host lattice [23]. The
macrostrain value was similar for different temperatures
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Figure 2: Scanning electron microscope images of Mg-doped ZnO with variation of annealing temperatures: (a) 400, (b) 500, (c) 550, and
(d) representative EDS analysis.
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with a value of 1:97 × 10−2 because of their similarity in peak
position. Based on the previous reports [24], the lattice
parameters a and c of Mg-doped ZnO were estimated to be
about 3.172Å and 5.080Å using equations (6) and (7),
respectively. The lattice parameter a at the (100) plane did
not significantly differ for different annealing temperatures
because their peak position was located almost in the same
diffraction angle. Similarly, the lattice parameter c at the
(002) plane is also very similar at different annealing tem-
peratures, as listed in Table 1.

D = 0:9 λ
β cos θ , ð3Þ

where D is the crystallite size (nm), λ is the wavelength
(nm), β is the full half maximum, FWHM (rad), and θ is
the Bragg angle (°).

δ = 1
D2 , ð4Þ

eh i = d − do
do

, ð5Þ

where do is the interplanar spacing of pure ZnO without
deformation while d is the calculated interplanar spacing
for Mg-doped ZnO at the (101) plane using the Bragg law.

a = λ
ffiffiffiffi

3
p

sin θ 100ð Þ
, ð6Þ

c = λ

sin θ 002ð Þ
: ð7Þ

3.3. Optical Properties. To study the effect of different
annealing temperatures on optical properties, the absorption
and transmission spectra of Mg-doped ZnO thin films are
measured and presented in Figures 5 and 6, respectively.
The absorption peaks of all Mg-doped ZnO thin films are
located at a wavelength of 350 nm, which is at the UV
region. As clearly shown in Figure 5, the absorption of
Mg-doped ZnO annealed at 400°C is quite low. However,
after increasing the annealing temperature to 450°C and

500°C, the absorption sharply elevates. Further increasing
the temperature of annealing to 550°C leads to a lower
absorbance but is still higher than that at 400°C. Figure 6
exhibits transmission spectra of Mg-doped ZnO which also
shows a similar trend to the absorption spectra in Figure 5.
The thin films have transparency about 50-80% at visible
light region.

The bandgap energy of Mg-doped ZnO thin films was
further derived based on the optical absorption data and
plotted in Figure 7. As listed in Table 2, bandgap energy
values are 3.20, 3.24, 3.30, and 3.33 eV for annealing at
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Figure 3: Particle size distribution of Mg-doped ZnO annealed at (a) 400, (b) 500, and (c) 550°C.
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Figure 4: XRD pattern of Mg-doped ZnO thin films at different
annealing temperatures.
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400, 450, 500, and 550°C, respectively. The slight incre-
ment of bandgap energy with increasing temperature might
be due to the Burstein–Moss effect as reported in previous
studies [25].

3.4. Absorbance of Rhodomyrtus tomentosa Dye Extract. The
optical absorption spectrum of the extracted rose myrtle
(Rhodomyrtus tomentosa) natural dye was measured using
a UV-Vis spectrophotometer to investigate its sensitivity to
light. As shown in Figure 8, the natural dye has a strong
absorption at the visible-light region with an intense absor-
bance peak at a wavelength of 610 nm. This property is very
useful for DSSC to improve the light absorption ability. It is
also well known that about 43% of the solar spectrum falls in
the visible light range and only 4% is in the UV region [26].
The more light can be absorbed, the more electron-hole can
be generated, which leads to a higher efficiency of a DSSC
device.

3.5. Efficiency of DSSC. Figure 9 exhibits the J - V character-
istic curve of DSSC with Mg-doped ZnO as photoanode at

Table 1: Summary of crystal properties of FWHM, crystallite size, dislocation density, macrostrain values, and lattice parameters (a and c)
of Mg-doped ZnO thin films at different annealing temperatures.

Temperature
(°C)

FWHM/β
(rad)

Crystallite
size (nm)

Dislocation density
× 10-3 (nm-2)

Macro strain values
<e >

Lattice
parameters (Å)
a c

400 0.4065 20.60 2.36 1:97 × 10−2 3.176 5.082

450 0.3945 21.23 2.22 1:97 × 10−2 3.172 5.080

500 0.4976 16.83 3.53 1:97 × 10−2 3.175 5.083

550 0.3645 22.9 1.89 1:97 × 10−2 3.173 5.080
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Figure 5: Absorbance spectra of Mg-doped ZnO thin films at
different annealing temperatures.
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Figure 6: Transmittance spectrum of Mg-doped ZnO thin films at
different annealing temperatures.
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Figure 7: Tauc plot of Mg-doped ZnO thin films at different
annealing temperatures.

Table 2: Bandgap energy of Mg-doped ZnO thin film at different
annealing temperatures.

Temperature (°C) Bandgap energy (eV)

400 3.20

450 3.24

500 3.30

550 3.33
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different annealing temperatures and the fruit extract of
Rhodomyrtus tomentosa as a natural dye sensitizer. Further,
the photovoltaic properties of DSSC are listed in Table 3.
The open-circuit voltage (Voc) at different annealing tem-
peratures was similar with a value of 0.5V. In contrast, the
short-circuit current (Jsc) was significantly different. The
Jsc values are 3.83, 4.55, 8.77, and 4.03mA/cm2 at annealing

temperatures of 400, 450, 500, and 550°C, respectively. The
efficiency of the DSSC device annealed at 400°C was about
1.66%. By increasing the annealing temperature to 450°C,
the efficiency also was increased to 2.36%. Further increasing
the annealing temperature to 500°C, the efficiency of 3.53%
can be achieved. However, the efficiency was observed to
decline when the annealing temperature is 550°C. Therefore,
the optimum annealing temperature is 500°C with a maxi-
mum power conversion efficiency of 3.53%. Based on the
characterization results, the highest efficiency of 3.53% at
500°C could be contributed due to its highest optical absorp-
tion as revealed by UV-Vis analysis in Figure 5.

4. Conclusions

We have successfully fabricated a dye-sensitized solar cell
(DSSC) device using Mg-doped ZnO thin film as the photo-
anode and natural dye of rose myrtle (Rhodomyrtus tomen-
tosa) as the dye sensitizer. The scanning electron
microscope analysis revealed that the surface of Mg-doped
ZnO thin film was particles with irregular shapes. It is found
that increasing the annealing temperature led to a larger par-
ticle size and slightly increased bandgap energy. The natural
rose myrtle dye sensitizer had a strong absorption at the vis-
ible light region. The maximum efficiency of the DSSC
device was 3.53% at an annealing temperature of 500°C. This
work demonstrates that the annealing temperature of photo-
anode significantly affects the efficiency of the DSSC device.
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