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Abstract 

     The photoelectrode of the dye-sensitized solar cells was fabricated by sensitizing 

ZnO with a natural extract of Shami berries with different solvents. The working 

electrode of ZnO nanoparticles was synthesized using the sol-gel and dip-coating 

method and deposited onto ITO substrates using zinc acetate dihydrate  as a 

precursor. The study investigated the effect of solvent type (methanol and ethanol), 

substrate withdrawal speed (1mm/s and 5mm/s), and catalyst agent (Triethanolamine 

(TEA) and Monoethanolamine (MEA)) on photoconversion in the dye-sensitized 

solar cell. An atomic force microscope examined the nanostructure of the prepared 

film, indicating nanoparticle sizes in the range from 48 to 105 nm. The optical 

properties analyzed with a UV-Vis spectrophotometer (wavelength: 300-800 nm) 

showed a band gap energy of 3.26 eV for the ZnO thin films sensitized with 

methanol as solvent, withdrawal speed of 1mm/s and TEA as the catalyst agent. The 

band gap energy for Shami berries extract with acidified ethanol as the solvent was 

found to be 1.7eV. Cyclic voltammetry estimated the energy levels of the dye's 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) at -5.2 eV and -3.5 eV, respectively. Additionally, the study 

evaluated the efficiency of dye-sensitized solar cells under optimal experimental 

conditions. The DSSC utilizing Shami berries extract with acidified ethanol had the 

highest photoconversion efficiency (η) of 0.79%. 

 

Key Words: Atomic force microscopy (AFM), Catalyst agent,  Dye-sensitized solar 

cells, Energy dispersive X-ray spectroscopy (EDX), Natural dyes, Nanoparticles of 

zinc oxide (ZnO-NPs), Sol-Gel method, The Cyclic voltammetry (C-V). 
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 الخلاصة:
الشامي        التوت  وصباغ  الزنك  أوكسيد  من  الصباغية  الشمسية  للخلايا  الضوئي  الالكترود  تحضير  تم 

بالغمس   المعززة  الجل  السول  بطريقة  الزنك  أوكسيد  حبيبات  حُضرت  مختلفة.  بمحلات  المستخلص  الطبيعي 
كهربائياً   ناقلة  زجاجية  ركائز  م  (ITO)على  الزنكباستخدام  خلات  تناولت   حلول  الزنك.  لأيونات  كمصدر 

فت   وص ِّ الزنك.  أوكسيد  غشاء  على  المحفز  العامل  ونوع  الركائز  سحب  وسرعة  المذيب  نوع  تأثير  الدراسة 
بي نت الدراسة تشكل حبيبات نانوية كروية  حيث    (AFM)الأغشية المحضرة بنيوياً باستخدام مجهر القوة الذرية  

أبعاد حواليالشكل  باستخدام   105nm-48ها  الضوئي  التوصيف  تم   ،UV-VIS    الطول مجال  في 
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الطاقة .   (800nm-300)الموجي فجوة  المثلى    قُدرت  بالشروط  المحضر  الزنك  أوكسيد    eV 3.26لغشاء 
و كمحل  الميثانول  باستخدام  و     1mm/sوذلك  الركائز  لسحب  محفز  TEAسرعة  فجوة  كعامل  قُدرت  كما   .

المُحمض   الإيثانول  باستخدام  المستخلص  للصباغ  الدراسة    1.7eV.الطاقة  باستخدام  أظهرت  الكهركيميائية 
ل الحلقي  السايكلوفولطومتري  الصباغتقانة  واضح    محاليل  بشكل  والارجاع  الأكسدة  قمة  ظهور  المحضرة 

المحمض،   الماء  مشغولباستخدام  جزئي  مدار  أعلى  قيمة  كانت  غير  HOMO حيث  جزئي  مدار   وأدنى 
الدراسة إلى تقييم كفاءة الخلايا الشمسية    تهدفعلى الترتيب.    LUMO  - 5.3 eV , - 3.5 eV  مشغول

الشامي    الصباغية التوت  باستخدام  المحضرة  الصباغية  الشمسية  الخلية  المثلى.  التجريبية  الشروط  باستخدام 
 %.  0.79المستخلص بالإيثانول المحمض أظهرت أعلى قيمة للمردود وصل إلى 

Introduction: 

     Zinc oxide (ZnO) has a wide band gap of 3.2-3.37 eV at room temperature [1] and high 

electron mobility of ∼ 115 - 155 cm2.V-1.s-1 [2]. In addition, it is possible to control the range 

of absorbed wavelength of the sunlight spectrum by controlling the ZnO nanoparticle sizes 

and experiment conditions [3]. ZnO thin film has been popularly used in fields of 

piezoelectric devices [4], solar cell electrodes [5], photocatalysis [6], gas sensors [7] and 

optoelectronics [8]. ZnONPs thin film can be found in different structures, such as 

nanoparticles [9], nanowires [10], nanofibers [11], nanorods [12] and nanoflowers [13]. For 

solar cell applications, ZnO nanostructures are synthesized using various methods, such as 

spray pyrolysis [14], chemical bath deposition [15], pulsed laser deposition [16], 

hydrothermal method [17] , electrochemical deposition [18] and sol-gel technique [19] have 

been used as antireflective layers. The sol-gel dip-coating technique stands out as a widely 

used method for depositing thin films. This approach eliminates the necessity for high 

temperatures or highly pure chemical materials, making it a convenient, cost-effective, and 

easily manageable method for applying metal oxide films on large surfaces [20]. For this 

study, the sol-gel dip coating was chosen for the deposition of ZnO thin films on Indium-

doped Tin Oxide (ITO) substrates. 

   

   In recent years, dye-sensitized solar cells have attracted much attention due to their low cost 

and eco-friendliness compared to other types of solar cells. Dye-sensitized solar cells (DSSC) 

are classified as the third generation of solar cells and one of the strongest contenders for 

perovskites [21]. Figure (1) shows a schematic diagram illustrating the electron transfer 

mechanism of dye-sensitized solar cells [1], where high-quality nanocrystalline material plays 

an essential role in electron injection and transport and the performance of the DSSC. 

 

 
    Figure  1: The schematic electron transfer mechanism of dye sensitized solar cells. 

 



Amer and Alghoraibi                               Iraqi Journal of Science, 2025, Vol. 66, No. 3, pp: 1080-1094 

 

1082 

 The basic idea is the conversion of photons into current [22]. This includes four main steps:  

light absorption, electron  injection, transportation process, and collection of current, as shown 

in Figure (2): 

)1( Upon absorbing a photon, electrons get excited from the ground state (S) to an excited 

state(S*) of the dye, where most absorption occurs in the dye. )2( The excited electrons 

injected into the conduction band of ZnO particles existing under the excited state of the dye 

getting oxidized. (3) The injected electrons are transported across  ZnO particles and diffusing 

through the external circuit to reach the  counter electrode. (4) The counter electrode electrons 

reduce I−3 ions to I−; i.e, the ground state of the dye takes electrons from I− ion redox 

mediator,  and I− gets oxidized to I−3 (oxidized state). (5) The oxidized mediator (I−3) diffuses 

to the counter electrode and reduces to I−. 

• S + hv → S* 

• S* → S + e- (to ZnO) 

• S* + e- → S 

• I−3 + 2e- → 3 I− 

 

 
Figure 2: Working principle of the DSSC. 

 

     In this paper, Shami berries were used as the dye sensitizer. It was prepared with different 

solvents, and its effect on the performance of DSSCs was studied. The effect of various 

parameters, such as the type of solvent, substrate withdrawal speed and catalyst agent type, on 

the structural, morphological and optical properties of ZnO was investigated. A sight and 

understanding of these parameters features and their influence on DSSC performance are 

provided.  

 

Experimental: 

1. Photoelectrode (the working electrode) Preparation: 

1.1 Preparation of ZnO thin films: ZnO thin films were deposited by the sol-gel dip coating 

method on transparent conductive ITO/glass with a resistivity of 10–12Ω.cm, a transmittance 

> 80% and an area of 2cm2. Zinc acetate dihydrate (Zn(CH3COO)2.2H2O) was used as a 

source of zinc ions. To deposit ZnO thin films onto ITO/glass substrate, 2.2g of zinc acetate 

dihydrate was mixed with 50ml of different solvent solutions (methanol and ethanol) and 

magnetically stirred at 250C for 50 min to get homogeneous mixtures. Two catalyst agents 

were used: triethanolamine (TEA) and monoethanolamine (MEA). 2ml of triethanolamine 

(TEA) and monoethanolamine (MEA) were gradually added to the solutions until they 
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became colorless. Cleaned ITO substrates were vertically immersed five times into each of 

the prepared solutions, using a home-made dip coating apparatus, with various withdrawal 

speeds of 1mm/s and 5mm/s  to obtain a thin film of approximately 100nm thickness, as 

measured by the gravimetric method. The samples withdrawn upward were rinsed 

ultrasonically in distilled water for 10 min to remove non-adherent ZnO layer; then, the 

samples were dried in an oven at room temperature and followed by thermal treatment at 

5000C for an hour [23].  

 

2.1 Preparation of Natural Dye Sensitizer: 
     Anthocyanin-based natural dye was isolated from Shami berries. 300g of the natural fruit 

was smashed with a milling machine. The extract was prepared without a solvent and with 

different solvents: ethanol and acidified ethanol (80% ethanol, 1% HCl) (100ml of each 

solvent). The residuals were filtered using Whatman No. 1 filter. Mixtures of the above three 

dye solutions were kept in dark bottles to be used later. 

 
 

Figure 3: Image of the prepared natural dye with different solvent  a) without solvent, 

b) with ethanol, c) with acidified ethanol. 

 

3.1 ZnO photoelectrode(the working electrode) preparation: 

     The coloring of the ZnO/ITO/glass electrodes with the dye (see Figure (4)) were carried 

out by soaking them in the dye solutions. The electrodes were immersed in the dye solutions 

while still hot at 700Cfor 24 hrs. After that, the dye-coated films were washed with ethanol 

and stored in the dark in an air-tight case until cell assembly.  
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Figure 4: The process of ZnO photoelectrode preparation method. 

 

2. Electrolyte and counter electrode preparation: 

     The electrolyte solution was prepared by thoroughly mixing 0.83g of KI and 0.126g of I2 

in 10ml methoxyacetonitrile for 15  min, the electrolyte solution was kept in a black container 

to be used later. A carbon soot counter electrode was prepared by  exposing ITO glass to 

candlelight for 2min. 

 

3. Assembling a complete dye solar cell:  

     The electrodes were arranged to form a standard sandwich-type cell, positioning the 

photoelectrode facing upwards and aligning it with the conductive side of the carbon counter 

electrode. This arrangement allowed the ZnO/ITO/glass electrode with the dye to be covered 

by the carbon counter electrode. A few drops of the electrolyte were injected in between the 

two electrodes, and cables were connected to the terminals on the sides of the cell to facilitate 

data collection. As shown in Figure (5), the assembly of the dye-sensitized solar cell was 

finalized using binder clips to ensure proper connectivity between the two slides. 

 

 
Figure 5: A picture of the prepared dye-sensitized solar cell. 

Results and Discussion: 

     Topographical properties were assessed in this study using atomic force microscope 

((AFM, Nanosurf easyScan2, Switzerland, Tap190 Al-G, NanoSensors™)) to obtain surface 

information and determine the influence of the solvent solutions (methanol or ethanol), the 
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substrate withdrawal speed (1 and 5 mm/s), and the catalyst agent (TEA or MEA) on the 

morphology and quality of the as-deposited ZnO films. A 2μm x 2μm AFM images of the 

prepared films are presented, as shown in Figure (6). The results confirm that the ZnO thin 

films have uniform morphology with complete coverage of the substrate surface. The AFM 

images and size distribution  for ZnO thin films using the two solvents, methanol and ethanol, 

are shown in Figures (6a and 7b), keeping the other parameters constant at a withdrawal speed 

of 1mm/s and TEA as the catalyst agent. The mean diameter of ZnO nanoparticles was 48 nm 

and 64 nm for methanol and ethanol, respectively [24].  

 

  

  

Figure 6: The AFM surface (2𝜇𝑚 × 2𝜇𝑚) images of the ZnO thin films using: 

a) methanol, withdrawal speed of 1mm/s and TEA, b) ethanol, withdrawal speed of 

1mm/s and TEA c) methanol, withdrawal speed of 5mm/s, and TEA, d) methanol, 

withdrawal speed of 1mm/s, and MEA  

 

 

a b 

c d 
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a) 

 
b) 

 
c) 

 
d) 

Figure 7: The nanoparticles size of the ZnO thin film using: a) methanol, 

withdrawal speed of 1mm/s and TEA, b) ethanol, withdrawal speed of 1mm/s and 

TEA c) methanol, withdrawal speed of 5mm/s, and TEA, d) methanol, withdrawal 

speed of 1mm/s, MEA. 

 

     Comparing the AFM images at different withdrawal speeds of 1mm/s and 5mm/s utilizing 

methanol as the solvent and TEA as the catalyst, it was observed that the lower speed was the 

most suitable to form ZnONPs with small diameters, narrow size distributions, and uniform 

spherical shapes. Reducing the withdrawal speeds from 5mm/s to 1mm/s decreased the 

average diameter by 54%. The ZnO thin films prepared using MEA as the catalyst agent (see 

Figure 6-d) exhibit a uniform distribution with an average diameter (�̅�=56 nm) and a root 

mean square (Sq=1.55 nm), as shown in Fig (7) and Table (1). 

 

Table 1: The average diameter and root mean square of ZnO nanoparticles film under various 

parameters. 

 

Using methanol, 

with withdrawal 

speed of 1mm/s 

and TEA 

Using ethanol, 

withdrawal speed 

of 1mm/s and TEA 

Methanol, 

withdrawal speed 

of 5mm/s, and TEA 

Methanol, 

withdrawal speed 

of 1mm/s,  and 

MEA 

average diameter  
�̅�(𝑛𝑚) 

48 64 105 56 

root mean square 

𝑆𝑞(𝑛𝑚) 
1.10 1.20 2.25 1.55 
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     Its surface composition was analyzed by energy dispersive X-ray spectroscopy (EDX). 

The EDX spectra shown in Figure (8) indicate that oxygen (O), zinc (Zn), calcium (Ca), and 

silicon (Si) were detected as elements. The weight and atomic percentage concentrations 

obtained by EDX analysis for as-deposited films are summarized in the insets table in the 

figure. The results illustrated a good quality ZnO thin film without common impurities. The 

observed elemental peaks corroborate the presence of Zn and O in the prepared thin film. 

Additionally, peaks of Na and Si atoms were detected, which may originate from the 

ITO/glass substrate.  

 
Figure 8: EDX spectrum of the optimized ZnO thin film. 

         The optical properties of the prepared ZnO thin films were assessed by UV-Vis spectra, 

as shown in Figure (9). The UV absorption spectra appeared between 360 to 400 nm 

wavelength. 

 

 
Figure 9: Variation of absorbance vs wavelength of ZnO thin film for different 

parameters using:  

a) methanol, withdrawal speed of 1mm/s and TEA, b) ethanol, withdrawal speed of 

1mm/s and TEA, 

 c) methanol, withdrawal speed of 5mm/s, and TEA, d) methanol, withdrawal speed 

of 1mm/s, and MEA 
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     It is observed that the absorbance values of the prepared films undergo slight variations, 

which can be attributed to experimental conditions associated with changes in the dimensions 

of zinc oxide nanoparticles. 

The band gap energy (Eg) of a semiconductor can be derived from Tauc formula as follows: 

αhν = A(hν − Eg)
n
, where α is the absorption coefficient, hν is the energy of the incident 

photons, A is a constant proportional to amorphosity, h is Planck’s constant, ν is photon 

frequency, n is ½ for allowed direct energy gap and Eg is optical band gap energy. figure (10) 

shows the graphs of (αhν)2 vs. energy photon. The optical band gap energies of the films 

were estimated from the intercept of the extrapolated straight-line portion of the spectrum 

with the hν -axis at (αhν)2=0 [25]. 

 

  

  

Figure 10: plot (αhν)2 against (hν) energy photon of ZnO deposited at various 

parameters using:  

a) methanol, withdrawal speed of 1mm/s and TEA, b) ethanol, withdrawal speed of 

1mm/s and TEA, 

 c) methanol, withdrawal speed of 5mm/s, and TEA, d) methanol, withdrawal speed 

of 1mm/s, and MEA 

 

The band gap was evaluated for ZnO films, as shown in 

 

 

 

 

 

 

 

=3.26eV gE )Ethanolg(E 

=3.25eV 

max)Vg(E 

=3.23eV 

)MEAg(E 

=3.24eV 
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 Table 2: Table(2)- The band gap value of ZnO nanoparticles film under various parameters. 

 

Using methanol, 

with withdrawal 

speed of 1mm/s 

and TEA 

Using ethanol, 

withdrawal speed 

of 1mm/s and TEA 

Methanol, 

withdrawal speed 

of 5mm/s, and TEA 

Methanol, 

withdrawal speed 

of 1mm/s,  and 

MEA 

The band gap value 3.26 3.25 3.23 3.24 

 

     The optimized ZnO thin film showed a band gap energy of 3.26 eV. The values were close 

to the standard ZnO band gap energy of ~3.35 eV at room temperature [26]. 

Figure (11) illustrates the absorption spectra of Shami-berries extracts without solvent, with 

ethanol and with acidified ethanol solvents. The absorption peaks were at approximately 470 

nm, 510 nm and 560 nm, respectively. The difference in absorption characteristics was 

attributed to  the presence of different colors of extract due to type of the solvent used. The 

highest absorption was noted when using acidified ethanol, which was attributed to the 

heightened solubility of the Shami-berry extract in this solvent and the greater amount of dye 

extracted. 

 

 
Figure 11:  Absorbance spectra of Shami-berries extract without using solvent, with 

ethanol and with acidified ethanol. 

 

Cyclic voltammetry (C-V) is one of the most useful methods for estimating the energy levels 

of the dye. The band value was obtained by Eqs (1), (2) and (3) [27]:  

 

4.4Onset

HOMO OxidationE e Eé ù= - +ë û                                                                   (1) 

Re 4.4Onset

LUMO ductionE e Eé ù= - +ë û                                                                   (2) 

g LUMO HOMOE E E= -                                                                                (3) 

 

Where: EHOMO is the energy level of the highest occupied molecular orbital (HOMO), ELUMO 

is the energy level of the lowest unoccupied molecular orbital (LUMO), E𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
𝑂𝑛𝑠𝑒𝑡  and 

E𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑂𝑛𝑠𝑒𝑡  are the values of the oxidation and reduction energy, respectively, and the value 

4.4 is the adjustment factor. The C-V characterization using platinum and potassium chloride 

for the counter  electrode and the reference electrode, respectively. The measurements were 

executed in a dark room at 250C with a scan rate of 50 mV/s and step potential of 0.01V. The 
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EOxidation and EReduction were evaluated using the C-V plots shown in Figure (12). The results 

revealed that no apparent oxidation and reduction peaks appeared for the extract without 

solvent and with ethanol solvent, as noted in Figure (12a,12b). On the other hand, for Shami-

berries extract with acidified ethanol the values of the EHOMO, ELUMO and Eg were -5.2eV, -

3.5eV and 1.7eV, respectively, as seen in Figure (12c). 

  

  

 
Figure 12: Cyclic voltammetry curve of Shami berries extracts a) without solvent, b) 

with ethanol solvent, c) acidified ethanol solvent 

 

     It is noteworthy that the calculated values for the Shami berries dye with acidified ethanol 

solvent are consistent with the fundamental principle of DSSC due to the EHOMO level of the 

dye being lower than the redox level of electrolyte. The ELUMO is sufficiently higher than the 

conduction band of ZnO, as shown in Figure (13)[28]. 

 

(a) 

 
(b) 

(c) 
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Figure 13: Energy levels diagram in ZnO/dye. 

 

Evaluation of Dye-Sensitized Solar Cell Performance:  

     The performance of a dye-sensitized solar cell can be studied by evaluating the open 

circuit voltage (Voc), short circuit current (Isc), overall efficiency (η %), and fill factor (FF).  

The efficiency (η) of the DSSC can be estimated using the formula η=Pmax/Pin, where Pmax and 

Pin represent the maximum output power and the input power, respectively[29]. Moreover, 

The ratio of (Imax × Vmax)  to the (Isc × Voc) gives FF[30]. Figure (14) displays the current-

voltage (I-V) characteristics of the DSSCs. 

 

     The conversion efficiency (η) of the cell with the Shami berries extract without solvent 

was 0.15% with a short circuit current of 0.88mA, an open circuit voltage of 119mV, and a 

fill factor of 0.68, while the conversion efficiency (η) using Shami berries with ethanol was 

0.35% with a short circuit current of 1.04 mA, an open circuit voltage of 250mV, and a fill 

factor of 0.75. Whereas the DSSC utilizing Shami berries extract with acidified ethanol had 

the highest conversion efficiency (η) of 0.79% with a short circuit current of 1.29mA, an open 

circuit voltage of 360mV and a fill factor of 0.80. It is noted that the solar cells prepared using 

Shami berries extract with acidified ethanol as the solvent had the maximum short-circuit 

current density and conversion efficiency compared to the other solar cells. This is due to the 

broader range of light absorption, which is also clearly evident in the UV-Vis absorption 

spectra and cyclic voltammetry curves. 

 

Table 2: Current-Voltage characteristics of the fabricated natural DSSCS. 
Solvent Isc (mA) Voc (mV) FF 𝜂% 

without solvent 0.88 119 0.71 0.15 

ethanol 1.04 250 0.75 0.35 

acidified ethanol 1.29 360 0.80 0.79 
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Figure 14: I-V characteristics of natural dye sensitized solar cells. 

 

Conclusions: 

     The ZnO electrode was prepared using the sol-gel and dip-coating method with optimum 

experimental conditions for the solvent type, substrate withdrawal speed, and catalyst agent. 

The optimized film exhibited a nanoparticle size of about 48nm with a band gap energy of 

3.26 eV. The values of EHOMO and ELUMO of the Shami berries extract were determined to be -

5.2 eV and -3.5 eV, respectively. These values confirm the extent of alignment between the 

energy levels of the Shami berries extract and the energy gap value of ZnO. The efficiency of 

the dye sensitized solar cells varied from 0.15% to 0.79%. Natural dyes utilized as sensitizers 

for DSSCs represent a promising alternative to synthetic sensitizers due to their 

environmental friendly nature and low cost. 
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