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ABSTRACT 

 

 

STUDY OF MORPHOLOGY AND DYE EFFECTS ON THE EFFICIENCY OF CdS–

BASED HYBRID SOLAR CELLS 

 

Ahmet ÜNVERDİ 

Department of Nanotechnology and Engineering Sciences 

Supervisor: Assoc. Prof. Dr. Salih YILMAZ 

July 2020, 54 pages 

 

In this project study, some properties of hybrid solar cells (HSCs) formed by CdS samples 

that were grown by the different methods (spray pyrolysis, chemical bath deposition, doctor 

blade and hydrothermal methods) and in different morphologies (thin film, powder and 

nanosphere) were investigated. Additionally, structural, morphological, optical and electrical 

properties of HSCs based on CdS samples whose surfaces were modified by diverse dyes 

(Eosin–Y, D205, N719 and N3) were studied. X–ray Diffraction (XRD) results showed the 

crystallization of CdS samples in the polycrystalline structure. Scanning Electron Microscopy 

(SEM) conclusions indicated the homogeneous coverage of P3HT on the produced CdS 

samples with different morphologies. Energy dispersive X–ray Spectroscopy (EDS) approved 

the presence of Cd and S atoms in CdS structure. It was concluded that the transmittance data 

of synthesized CdS specimens were quite good and hence, they can be used for the solar cell 

(SC) applications. It was observed that the band gaps of the prepared CdS samples were based 

on the method used. It was seen that the peak intensities of the absorbance of CdS-based 

heterostructures generally increased with the modification of CdS surface by dyes. It was 

observed from room temperature photoluminescence (RTPL) outputs that CdS samples 

produced by different routes exhibited various defects. Furthermore, it was determined that 

the peak intensities in the photoluminescence (PL) spectra of CdS–based heterostructures 

generally decreased after dye modification of CdS surface. From the electrical measurements, 

it was seen that CdS–based heterostructures displayed an obvious photovoltaic effect. It was 

observed that both CdS samples grown in the different morphology and the surface modified 

by diverse dyes had different power conversion efficiency (PCE) values. The highest 

efficiency value was appeared for CdS samples with the nanosphere morphology and 

modified by N719 dye as 0.881%. Thus, it can be deduced that in addition to different 

morphology, modification by diverse dyes also leads to an important variation on the SC 

efficiency. 

 

Keywords: CdS, morphology effect, P3HT, dye effect, hybrid solar cell 
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ÖZET 

 

 

MORFOLOJİ VE BOYA ETKİSİNİN CdS–TABANLI HİBRİT GÜNEŞ PİLLERİNİN 

VERİMLİLİĞİ ÜZERİNE OLAN ETKİLERİNİN ARAŞTIRILMASI 

 

Ahmet ÜNVERDİ 

Nanoteknoloji ve Mühendislik Bilimleri Anabilim Dalı 

Danışman: Doç. Dr. Salih YILMAZ 

Temmuz 2020, 54 sayfa 

 

Bu proje çalışmasında, farklı yöntemlerle (kimyasal püskürtme, kimyasal banyoda çökeltme, 

doktor bıçağı ve hidrotermal yöntem) farklı morfolojili (ince film, toz ve nanoküre) olacak 

şekilde büyütülen CdS örneklerle oluşturulan hibrit güneş hücrelerinin bazı özellikleri 

incelendi. Ayrıca farklı boyalarla (Eosin–Y, D205, N719 ve N3) yüzeyi modifiye edilmiş CdS 

örneklerle üretilen hibrit güneş pillerinin yapısal, morfolojik, optik ve elektriksel özellikleri 

araştırıldı. X–ışınları kırınım (XRD) sonuçları CdS örneklerinin polikristal yapıda 

kristalleştiğini gösterdi. Taramalı elektron mikroskobu (SEM) sonuçları, üretilen farklı 

morfolojili CdS örnekler üzerine homojen bir P3HT katmanının kaplandığını gösterdi. Enerji 

dağılımlı X–ışını spektroskopisi (EDS) CdS yapısı içerisinde Cd ve S atomlarının var 

olduğunu ispatladı. Üretilen CdS örneklerin geçirgenlik sonuçlarının genel olarak iyi olduğu 

ve dolayısıyla güneş pili uygulamaları için kullanılabileceği sonucuna varıldı. Büyütülen CdS 

örneklerin bant aralık değerlerinin ise, üretilen yönteme göre farklılık gösterdiği belirlendi. 

CdS yüzeyinin boya modifikasyonuyla beraber, soğurma pik şiddetlerinde genellikle artışlar 

olduğu görüldü. Oda sıcaklık fotolüminesans (RTPL) sonuçlarından, farklı yöntemlerle 

üretilen CdS örneklerin farklı dalga boylarında farklı kusurlar sergilediği gözlendi. Ayrıca 

CdS tabanlı heteroyapıların fotolüminesans pik şiddetlerinde boya modifikasyonuyla beraber 

çoğunlukla azalma olduğu tespit edildi. Elektriksel ölçümlerden, CdS tabanlı heteroyapıların 

açık bir şekilde fotovoltaik etki sergiledikleri görüldü. Hem farklı morfolojide büyütülen hem 

de farklı boyalarla yüzeyi modifiye edilen CdS örneklerin farklı güneş pili verimlerine sahip 

oldukları gözlendi. En yüksek güneş hücre verim değeri, nanoküre morfolojisine sahip ve 

N719 yüzey boya modifikasyonu yapılmış CdS örnekler için % 0,881 ile ortaya çıktı. Böylece 

farklı morfolojinin yanı sıra farklı boyayla CdS yüzeyinin modifikasyonunun güneş hücre 

verimlerinde önemli değişikliklere yol açtığı sonucuna varıldı. 

 

Anahtar Kelimeler: CdS, morfoloji etkisi, P3HT, boya etkisi, hibrit güneş pili 
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1. INTRODUCTION 

 

1.1. Brief Information of Today’s Solar Cells 

The increasing energy demand of today's world and the negative effects of fossil fuels on 

climate change have increased scientists' interest in renewable and clean energy sources. As a 

promising example, photovoltaic (PV) cells have been widely researched recently. According 

to the material types that are used, SCs have been considered under three fundamental topics: 

organic–organic, inorganic–inorganic and HSCs. Environmental stability, excellent load–

bearing properties and up to 25% PCE of crystalline silicon–based PVs are an important part 

of the photovoltaic market today. However, compared to traditional production methods, 

crystalline silicon–based SCs could not constitute a significant part of today's world on 

renewable energy sources due to their high production costs (Christoph, 2004). On the other 

hand, the high costs of purification techniques used to obtain high purity silicon also led to a 

decrease in the interest of silicon–based photovoltaics. Therefore, SCs consisting of inorganic 

thin film layers were produced alternatively to crystalline silicon–based SCs. In these devices, 

there is a relationship between the battery efficiency and the thickness of the produced 

semiconductor layer. Although thinly obtained semiconductor material causes a reduction in 

costs, this phenomenon leads to a decrease in PCE due to the limited crystal quality of the 

semiconductor thin film. CIGS and CdTe are semiconductor compounds that are used for this 

technology today and significant contributions were made to the photovoltaic industry with 

this technology. In the fabrication of these semiconductor compounds, rare materials are 

needed although these devices decreases the production cost of SCs. Recently, studies on 

low–cost photovoltaic batteries have increased researchers' interest in organic materials. The 

discovery of conductive and semiconductor organic materials has paved the way for new and 

thrilling potential in optoelectronic device field. The most important benefit of using organic 

materials is the opportunity to easily fabricate PV devices via solution–based methods that are 

cheap and extremely efficient. However, the fact that organic semiconductors have a very 

large absorption coefficient requires the production of very thin organic films. The use of 

low–cost production techniques with this reduction in the amount of materials used makes 

organic semiconductors one of the most important potentials of the photovoltaic market 

(Wright & Uddin, 2012). In the last five years, studies on the efficiency of organic 

photovoltaic (OPV) batteries have been found to reach 10% efficiency. This PCE value has 
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been acknowledged as a milestone in organic–based photovoltaics. In addition to the use of 

the above–mentioned advantages, noteworthy increments in efficiency gave rise to the 

fabrication of some commercial OPV devices (Green, Emery, Hishikawa, Warta, & Dunlop, 

2014). 

 

1.2. Hybrid Solar Cells 

Organic–inorganic HSCs are fabricated by combination of inorganic materials and organic 

conjugated polymer with the advantages of both material groups. The fact that the charge 

carriers move faster in inorganic materials and the low cost production of semiconductor 

polymers and the ability to absorb incoming light cause such materials to be combined. 

Absorption of the excitons in the inorganic material attains photogeneration of charge carriers. 

In OPV devices, the increasing absorption of light by an inorganic acceptor is inclined to be 

better than that of Phenyl-C61-Butyric-Acid-Methyl-Ester (PCBM). In addition, the band gap 

and hence the absorption profile of the nanoparticle are altered by quantum confinement due 

to the alteration of shape and size of the inorganic nanoparticle. This allows the selection of 

spectral window of the completing absorption profile. Since the transfer rate of inorganic 

quantum dots to organic semiconductors has been seen in order of picoseconds and is higher 

than that of competing recombination mechanisms, between donor and acceptor, an efficient 

charge transfer can be obtained. The physical measurements of inorganic oxide 

semiconductors can be adjusted by fabrication techniques to obtain vertically well aligned 

nanostructures. Efficient excitonic dissociation and electron transporting paths can be 

achieved simultaneously in devices obtained by this adjustment. These assets could be 

gathered while maintaining solution processability that leads to low cost fabrication and high 

throughput. It is already known that inorganic acceptors used in HSCs have advantages, 

however, the efficiency of these HSCs could not reach that of polymer:fullerene OPV devices. 

The most important reasons for this conflict are associated with surface chemistry and 

nanomorphology (Wright & Uddin, 2012; Jabeen et al., 2017). The operation and fabrication 

of HSCs are not different from that of organic SCs at all. The only distinction between both of 

them is that inorganic semiconductor material is used instead of organic electron acceptor 

material as it is already mentioned above. This inorganic material can be quantum dots 

distributed inside the polymer matrix or morphologies such as nanosphere, nanowire and 

nanoparticle. The most of the HSCs are of planar nature and contain the photoactive layer 

formed between electrodes with two different work functions (anode and cathode). The anode 
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electrode consists of a semipermeable oxide layer and Indium tin oxide (ITO) or Fluorine–

doped tin oxide coated glass substrates (FTO) are generally used for this purpose. The task of 

this layer is making the transition process of light and accumulating the holes in the device. A 

conductive polymer mixture of poly(ethylene dioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS) layer can be spin coated as buffer layer on ITO, between the anode and 

photoactive layer to prevent photoactive layer from oxidation besides its advantages such as 

an exciton blocker and smoothing the ITO surface (Jia et al., 2016). The photoactive layer 

absorbing light contains polymer donor and inorganic acceptor materials. Although 

aluminum, gold and silver usually are used for the cathode, sometimes magnesium and 

calcium are used. The task of the cathode electrode is gathering electrons from the device. 

The device produced is illuminated by ITO or FTO. 

 

OPV devices work differently than that of silicon ones since the organic semiconductors’ 

elemental characteristics are different from that of inorganic equivalents. Low relative 

dielectric constant of organic semiconductors (𝜀𝑟 = ~ 3) leads to a large electrostatic force 

between holes and electrons, an excited state –where hole and electron are coulombically 

bound– is created after the photoactive layer is hit by light and the electron–hole pair that is 

coulombically bound is called as exciton. The production and transportation of free charge 

carriers throughout the device are observed after a force broke the excitonic binding energy. 

The excitons that are created in the donor material are separated at the donor–acceptor (D–A) 

interface in HSCs. The conduction band edge of the acceptor materials and the energy level 

offset of the lowest unoccupied molecular orbital (LUMO) of the donor presents the force that 

is needed to break this exciton binding energy. Excited state energy offset is referred to 

energy offset used to separate excitons. In the acceptor material, the valence band edge of the 

acceptor materials and the energy offset of the highest occupied molecular orbital (HOMO) of 

the donor presents the force that is needed to break the exciton binding energy for exciton 

separation. This energy offset used to separate excitons is referred to ground state energy 

offset (Pan, 2009). To obtain a successfully operating device, it is crucial to arrange both 

materials in the active layer whilst separation of exciton takes place at the interface of D–A 

phase due to this energy offset. In bi–layer structures, excitonic separation is inadequate due 

to the small excitonic diffusion length in conjugated polymers (~ 10 nm) since only one 

interface exists. Free charge carriers can only be produced by photoexcitation that occurs 

within an excitonic diffusion length of the interface since the single interface between the 
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materials is the only place where separation can occur. Excitonic separation, as a result of 

interfacial area increment, can be increased by mixing the donor and acceptor materials and 

this new device structure formed is called bulk heterojunction. The both heterojunction device 

structures mentioned are shown in Fig. 1.1. A device with a large dispersion of interfaces 

throughout the photoactive layer necessitates smaller exciton diffusion distances; hence, a 

larger exciton dissociation yield is succeded. Increasing the interfacial area causes a decrease 

in the creation of efficient conductive pathways. Thus, it is crucial to arrange the donor and 

acceptor phases for the device performance (Töreli, 2018). 

 

 

Figure 1.1. Schematic diagram of (a) bi–layer, and (b) bulk heterojunctions photoactive layer 

(Wright & Uddin, 2012). 

 

The formation of an exciton is observed when the donor material absorbs an electron, and this 

exciton is separated as electrons and holes on the D–A interface, as it is already mentioned 

above. As a result of separation, the electron is transferred to the acceptor material at the 

interface and then the electron is transferred to the cathode for accumulation of the charges. 

The hole formed in the donor material is transferred across the polymer and gathered at the 

anode. This process is as shown in the Fig. 1.2 (a). Inorganic acceptor can also benefit for 

useful photocurrent. The exciton formed via absorption of the light by acceptor material 

decomposes to the HOMO energy level and acceptor valence band edge. After the 

transmission process of holes to the donor material at the interface is carried out, the hole is 

transported to the anode. Meanwhile, the electron moves to the cathode after it remains in the 

acceptor material. This process is illustrated in Fig. 1.2 (b) (Wright & Uddin, 2012). 
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Figure 1.2. Schematic representation of charge transfer, (a) photo production in electron 

donor, (b) photo production in electron acceptor (Wright & Uddin, 2012). 

 

1.2.1. Power conversion efficiency (PCE, Ƞ) 

The PCE of a SC is defined as: 

 

 𝑃𝐶𝐸 =
𝐽𝑠𝑐 𝑥 𝑉𝑜𝑐 𝑥 FF 

𝑃𝑖𝑛
 (1) 

 

where 𝐽𝑠𝑐 is short circuit current density, 𝑉𝑜𝑐 is open circuit voltage, 𝐹𝐹 is fill factor and 𝑃𝑖𝑛 is 

incident input power. An international standard input power of AM 1.5 G, with an intensity of 

100 mW/cm2 while the cell is at room temperature (RT), is applied to device to determine the 

performance. Thus, the major factors that influence PCE of HSCs are 𝐽𝑠𝑐, 𝑉𝑜𝑐 and 𝐹𝐹 and they 

are explained below.  In addition, these characteristics are illustrated in Fig. 1.3 as a typical 

illuminated J–V characteristic. 
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Figure 1.3. Current density–voltage (J–V) characteristics of ITO/CdS/N3/P3HT/Ag structure, 

indicating the three major device characteristics that determine efficiency (Yılmaz, Ünverdi, 

Tomakin, Polat, & Bacaksız, 2019). 

 

1.2.2. Short circuit current density (Jsc) 

The short circuit current density, 𝐽𝑠𝑐 can be obtained when the device is at short circuit 

conditions, and is defined as the maximum photocurrent density, which is directly associated 

with external quantum efficiency, EQE. This relationship is shown below as: 

 

 𝐽𝑠𝑐 =
𝑞

ℏ𝑐
∫ 𝐸𝑄𝐸 𝑥 𝑃𝑖𝑛(𝜆)𝜆 𝑥 𝑑𝑥

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 (2) 

 

At a specific wavelength, EQE is obtained by dividing the photo–generated electrons 

collected to the number of incident photons. This quantity depends on five major steps whose 

each have some impacts on the efficiency of a HSC. Thus, EQE can be expressed as: 

 

 𝐸𝑄𝐸 = 𝜂𝑎𝑏𝑠 𝑥 𝜂𝑑𝑖𝑓𝑓 𝑥 𝜂𝑑𝑖𝑠𝑠 𝑥 𝜂𝑡𝑟 𝑥 𝜂𝑐𝑐 (3) 
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where 𝜂𝑎𝑏𝑠 is the absorption yield of the device, 𝜂𝑑𝑖𝑓𝑓 is the ability of an exciton to diffuse to 

a D–A interface, 𝜂𝑑𝑖𝑠𝑠 is the exciton dissociation yield, 𝜂𝑡𝑟 is the efficiency of charge carrier 

transport throughout the device and 𝜂𝑐𝑐 is the efficiency of charge collection at the electrodes. 

 

1.2.3. Open circuit voltage (Voc) 

Open circuit voltage describes the voltage at which current is zero through the external circuit 

and is defined as: 

 

 𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
+ 1) (4) 

 

where 𝑘𝐵 is Boltzmann constant, T is temperature, q is charge, 𝐽𝑝ℎ is photo–generated current 

density and 𝐽0 is saturation current density. The maximum voltage obtained from a SC is 

defined as open circuit voltage. It depends on both the photo–generated current and saturation 

current density, as it is seen from the formula above. The saturation current density has more 

influence than 𝐽𝑝ℎ on 𝑉𝑜𝑐 since the alteration of 𝐽0 is by orders of magnitude. 𝑉𝑜𝑐 is a measure 

of the amount of recombinations in the SC since the saturation current density relies upon 

recombination. 

 

1.2.4. Fill factor (FF) 

The proportion of the maximum power (𝑃𝑚𝑎𝑥 = 𝐽𝑚𝑥𝑉𝑚) produced by a SC and the product of 

𝑉𝑜𝑐 by 𝐽𝑠𝑐 is described as fill factor, implying that it is the squareness of the J–V curve, and is 

defined as: 

 

 𝐹𝑖𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐽𝑚 𝑥 𝑉𝑚

𝐽𝑠𝑐  𝑥 𝑉𝑜𝑐
 (5) 

 

where 𝐽𝑚 and 𝑉𝑚 are the maximum power current density and voltage, respectively,  𝐽𝑠𝑐 is the 

short circuit current density and 𝑉𝑜𝑐 is the open circuit voltage. Fill factor is limited practically 

and is less than 1 (ideal value) due to the existence of physical restraints on diode quality. A 

real diode will behave differently than that of ideal one due to the recombination that occurs 

at junction. The junction is at the D–A interface for both OPV and organic–inorganic HSCs. 
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The parasitic loss mechanisms of shunt and series resistance can alter the aspect of the J–V 

curve quantitatively that caused by the diversion from the ideal case. In ideal case, the series 

resistance is zero (𝑅𝑠 = 0), however, the enhanced series resistance is obtained via weak 

conductivity through the active layer and reduced charge carrier injection to the electrodes. 

The infinite shunt resistance (𝑅𝑠ℎ = ∞) is required for the ideal diode by contrast to series 

resistance. The current leakage and imperfections within the photoactive film leads to a 

decrement in shunt resistance of the device. 

 

1.3. Aim of Study 

CdS was used as the inorganic semiconductor material and P3HT was used as the organic 

semiconductor polymer for HSCs to be produced. CdS is one of the II–VI group with a direct 

transited semiconductor materials and has a good chemical stability as well as an n–type 

conductivity. Compared to other semiconductors (ZnO and TiO2), the forbidden energy 

bandwidth is 2.42 eV at RT that makes it more suitable for photovoltaic applications. In 

addition, having a good electron acceptor material makes CdS one of the most promising 

photoactive materials. As an electron donor material, p–type semiconductor P3HT [poly(3-

hexylthiophene-2,5-diyl)] polymer was chosen due to its large hole mobility and fast charge 

transfer. The difference between the LUMO and HOMO energy levels of the P3HT polymer 

is 1.9 eV, which allows it to be used as a material with a wide absorption spectrum in HSCs. 

In addition, P3HT semiconductor polymer is one of the best p–type conductivity materials 

that can be kept in dark conditions by virtue of light–stable structure. Due to these properties, 

the use of P3HT as an organic material has become attractive recently. However, one of the 

most known disadvantages of organic materials is their reduced stability compared to 

inorganic materials. Therefore, the organic and hybrid–based SCs produced today are not a 

part of PV market due to the common occurrence of degradation of organic materials. As 

known from the literature studies, the stability of SCs produced on both organic and hybrid 

basis is weak, and hence the PCE of the produced SC decreases to half of its original value 

and even less than half in a few months or a few days. This is an obstacle to the active use of 

organic and hybrid–based SCs in today's world. 
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Figure 1.4. Schematic representation of the CdS based hybrid solar cells planned to be 

produced. 

 

In this study, ITO was used as an anode electrode of CdS/P3HT HSCs and Ag was used as the 

cathode electrode. The schematic representation of the HSCs is shown above (Fig. 1.4) and 

the effects of various sorts of dyes (Eosin–Y, D205, N719 and N3) and different 

morphologies of CdS samples grown by spray pyrolysis, chemical bath deposition, doctor 

blade and hydrothermal method on the HSC efficiency were investigated. For this, dye 

coatings such as Eosin–Y (organic dye), D205 (indolin dye), N719 (Ru–based complex dye) 

and N3 (Ru–based complex dye) were applied on CdS samples that are in different 

morphologies and were coated on ITO before P3HT coating was carried out by a spin coater. 

Thus, ITO/CdS thin film/dye/P3HT/Ag, ITO/CdS paste/dye/P3HT/Ag and ITO/CdS 

nanosphere/dye/P3HT/Ag HSCs were fabricated. The influences of diverse dyes on CdS 

samples produced in different morphologies were evaluated in terms of structural, 

morphological and optical measurements for the first time as known from literature survey. In 

addition, SC parameters of photovoltaic devices obtained from CdS samples produced in 

different morphologies and covered with different dyes were determined.  
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2. LITERATURE REVIEW 

 

The literature review made in this work consists of two steps. The first step includes HSCs 

produced by CdS or ZnO or TiO2 samples with different morphologies obtained by different 

methods. In the second step, it is related to studies examining the effects of dye modification 

of the surfaces of CdS or ZnO or TiO2 samples produced in different morphologies on the 

efficiency of SCs. 

 

According to the literature review, it is seen that although the number of studies on ZnO and 

TiO2 based HSCs with different morphologies is sufficient, the density of papers on CdS–

based ones are scarce. For example, Ruankham, Yoshikawa and Sagawa (2013) fabricated 

ZnO nanorods and nanoparticles on ITO by spin–coating/hydrothermal and precipitation 

method, respectively to form ZnO/P3HT HSCs. The PCEs of ZnO nanorods and 

nanoparticles–based devices were found as 0.259% and 0.205%, respectively. Urgessa, Ruess, 

Tankio Djiokap, Botha and Schlettwein (2019) produced ZnO nanorods, nanorods–

nanoparticles on FTO through chemical bath deposition, and a two–step solution based 

method, respectively. The influence of morphology on the efficiency of ZnO nanorods based-

dye sensitized solar cells (DSSCs) was investigated. PCEs of 0.8% and 0.697% were found 

for bare ZnO nanorods and hybrid ZnO nanorods–nanoparticles, respectively. PEDOT:      

PSS was covered on ITO as a buffer layer by Jia et al. (2016) to fabricate 

ITO/PEDOT:PSS/P3HT/ZnO/Al HSCs. Subsequently, the liquid crystal molecules of DPP–

TP6 was added into the P3HT/ZnO HSCs to produce ITO/PEDOT:PSS/P3HT/ZnO/DPP–

TP6/Al SCs for the investigation of morphology effect. An increase in the PCE values of ZnO 

HSCs was observed and the efficiency with and without DPP–TP6 (15%) were reported as 

0.54% and 0.26%, respectively. Ishwara (2017) synthesized multi (ITO/compact 

TiO2/nanoporous TiO2/P3HT/PEDOT:PSS/Au) and bi–layer (ITO/compact TiO2/P3HT/ 

PEDOT:PSS/Au) TiO2/P3HT HSCs by spray pyrolysis and spin–coating techniques to study 

the morphology effects on the power conversion efficiency values and he found different 

efficiency values for both devices. Bozkurt Çırak et al. (2020) synthesized TiO2 nanotubes on 

titanium foils by anodic oxidation to form titanium dioxide nanotube array (TNA). After 

TNAs were obtained, they produced ZnO nanorods on the surface of TNAs through 

hydrothermal method. The effects of morphology and growth temperature on the PCE of 
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DSSCs were investigated. It was found that PCE values increased upon ZnO deposition and 

the increasing temperature, and efficiency was obtained up to more than twofold compared to 

that of pristine one. Various studies on the morphology effects of CdS–based SCs on the PCE 

are as follows: Chen et al. (2011) obtained CdS nanorods on ITO in two steps by 

electrodeposition and hydrothermal method, respectively. They fabricated the 

ITO/CdS/MEH–PPV/Au heterostructure by depositing the polymeric material named MEH–

PPV on the formed CdS nanorods. The maximum SC efficiency obtained for this structure is 

0.06%. Aydin Yüksel, Güneş and Güney (2013) grew CdS thin films on ITO via spray 

pyrolysis technique. P3HT organic material was covered by drop–cast method on the films 

and after Au evaporation, ITO/CdS/P3HT/Au SC was attained. SC efficiency was calculated 

as 0.15%. CdS thin films on ITO were grown by Arenas, Mendoza, Cortina, Nicho and Hu 

(2010) by CBD route. P3OT polymer material was coated on CdS thin films to obtain 

ITO/CdS/P3OT/Au heterostructure. The PCE of the produced SC was found to be 0.06%. 

Deng and Chen (2013) produced the CdS nanorods on ITO by hydrothermal method. They 

coated the PCPDTBSe semiconductor polymer material on the CdS samples to prepare 

ITO/CdS nanorods/PCPDTBSe/Au HSCs. They found that the maximum efficiency of the 

cell was 0.10%. CdS thin films by CBD were obtained by Zhu et al. (2012) on ITO. They 

investigated the effects of CdS thin film growth time and duration on the PCE of CdS–based 

HSCs. The highest PCE of the produced ITO/CdS/P3HT: PCBM/MoO3/Au heterostructure 

was 1.42% at a growth temperature of 50 ℃ and 60 minutes of growth time. Yang, Li, Zhang 

and Li (2013) produced FTO/CdS/P3HT/Au SCs by synthesizing multi–branched CdS 

nanorods in two steps via hydrothermal method on FTO. They calculated the efficiency of the 

obtained SC as 0.25%. Jabeen et al. (2017) produced CdS nanowires by three steps on 

PEDOT–PSS coated ITO. They used P3HT as the polymeric semiconductor material and Al 

as the cathode electrode. Thus, they fabricated ITO/PEDOT:PSS/CdS/P3HT/Al SC and found 

its efficiency as 0.30%. As can be seen from the studies discussed above, the efficiency values 

of HSCs obtained by produced CdS or ZnO or TiO2 samples in different morphologies by 

different methods are also different. 

 

Although the number of studies on CdS–based HSCs that have been surface–modified via 

different dyes is limited, the amount of the reported studies based on TiO2 and ZnO is plenty 

in the literature. For example, Urgessa et al. (2019) fabricated ZnO nanorods on FTO by a 

two–step solution method. They investigated the impact of surface modification on the 
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performance of ZnO nanorods DSSCs, and an increase in the PCE of ZnO nanorods modified 

with Eosin–Y and DN216 dyes were reported. Yun-Yue Lin et al. (2009) examined the effects 

of ACA, CuPc, N3 dyes on ITO/PEDOT:PSS/P3HT:TiO2/dye/TiO2/Al SCs. Increases in the 

PCE of SCs with dye coatings have been recorded. Ruankham, Macaraig, Sagawa, Nakazumi 

and Yoshikawa (2011) studied the impact of surface alteration of ZnO nanorods by small 

organic molecular dyes on polymer–inorganic HSCs. They fabricated ZnO nanorods on ITO. 

The surface modification of ZnO nanorods was carried out by different (NKX2667, N719, 

D205, Sq) dyes. They observed an increment in the PCEs of ZnO nanorods upon surface 

modification. In addition, they investigated absorption conditions such as soaking time and 

temperature. The best PCE values were observed for 60 minutes at 60 ℃. TiO2 nanorod 

arrays (NRAs) were prepared through hydrothermal route on FTO by Pei et al. (2016) to 

obtain FTO/TiO2 NRAs/modifier/P3HT/PEDOT:PSS/Au SC. Triphenylamine dye was used 

as interfacial modifier and Zonyl FS 300 was used as surfactant for PEDOT:PSS to get rid of 

the incompatibility between P3HT and PEDOT:PSS. After interfacial modification with 

triphenylamine dye, approximately a tenfold efficiency value (2.01%) of that pristine (0.21%) 

one was reported. Lim, Yap, Yahaya and Salleh (2013) grew ZnO nanorods by hydrothermal 

method on FTO. The surface of the ZnO nanorods was modified with the Eosin–Y dye having 

different concentrations, and FTO/ZnO/Eosin–Y/P3HT/Ag HSCs were produced. It was 

found that PCE was increased from 0.05% to 0.39% with dye coating. ZnO NRAs on 

transparent conducting oxide (TCO) coated glass pieces were fabricated by P. Zhong et al. 

(2014) via liquid phase epitaxial growth method. Interfacial modification of P3HT/ZnO 

NRAs was made by third components (N719 dye and CdS). They obtained a threefold 

enhancement in the PCE of ZnO NRAs with surface modification of N719 dye from 0.034% 

to 0.136%. As already mentioned above, there are limited number of studies on surface 

modification of CdS samples via different dyes. For example, after forming a thin TiO2 layer 

on FTO, M. Zhong et al. (2012) produced the FTO/TiO2/CdS/N719 dye/P3HT/Au HSC by 

coating the CdS nanoparticles onto this formed structure using the doctor blade technique. 

They calculated PCEs of CdS samples as 0.06% and 1.06% before and after surface 

modification via N719 dye, respectively. Nan et al. (2013) synthesized CdS nanorods on ITO 

with the help of hydrothermal method. The N719 dye was coated on the obtained CdS 

samples to produce ITO/CdS/N719 dye/P3HT/Au SC. The PCE of the HSC was determined 

to be 0.24%. Furthermore, the efficiency of SCs without N719 dye coating was found to be 

0.03%. Jabeen et al. (2017) obtained CdS nanowire–based HSCs on PEDOT:PSS coated ITO. 
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They covered the “Porphyrin” dye on CdS nanowire surfaces and examined the effects of 

different concentrations of dye on PCE. While the PCE value of the SC 

(ITO/PEDOT:PSS/CdS/polyphyrin/Al) without dye coating was obtained as 0.30%, the 

highest efficiency value after the dye coating was calculated as 0.50%. It is seen from the 

literature studies discussed above that the surface modification of semiconductor materials 

improves the PCE of the produced HSCs. This improvement is due to increased charge 

dissociation efficiency at the CdS/P3HT interface. That is, with the improvement of exciton 

separation between the CdS and P3HT layers, interface charge recombination decreases, 

thereby both open circuit voltage (𝑉𝑜𝑐) and short circuit current (𝐼𝑠𝑐) increase. 

 

In this work, CdS samples were grown on ITO in different morphologies using different 

methods. CdS thin films were fabricated by spray pyrolysis and chemical bath deposition 

methods. On the other hand, hydrothermal method was utilized to obtain nanosphere 

morphology after forming a thin CdS seed layer via chemical bath route. The P3HT 

semiconductor polymer was coated on CdS samples with different morphologies by spin–

coating method. Finally, using element Ag as a cathode electrode, ITO/CdS/P3HT/Ag HSCs 

were produced. Besides different morphology effects, ITO/CdS/dye/P3HT/Ag HSCs were 

produced making surface modification of CdS samples with different dyes (Eosin–Y, D205, 

N719 and N3). Thus, alterations in the PCE values of the HSCs produced with CdS samples 

both with different morphologies and exposed to different dyes were investigated for the first 

time as known from literature survey. 
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3. MATERIALS AND METHODS 

 

3.1. Spray Pyrolysis Method 

Spray pyrolysis method is defined as a method to form thin films on the substrate as a result 

of chemical reactions. In this method, the solution is prepared by adding salts of specific 

concentrations containing the elements of the material desired to be produced. After the 

solution has been prepared, this solution is sprayed onto the preheated substrates in a certain 

time and flow rate as fine droplets. In the spraying process, nitrogen gas or air is used as the 

carrier gas. Thin film quality and its properties significantly depend on spray parameters. 

Substrate temperature, solution flow rate, type of salts used, type of solvent, spray time, 

distance between nozzle–substrate, angle of spray head, etc. are examples of these. Many 

properties of the materials to be produced such as thickness, electrical and optical properties 

can be changed by controlling these parameters (Perednis & Gauckler, 2005). 

 

The most important advantages of spray pyrolysis method are low cost, simplicity in thin film 

production, covering large areas and obtaining very homogeneous thin films. The schematic 

diagram showing the spray pyrolysis set-up to be used is given in Figure 3.1. 

 

 

Figure 3.1. Schematic representation of the spray pyrolysis method. 
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3.2. Production of CdS Thin Films by Spray Pyrolysis Method 

CdS thin films were produced on 1x1.25 cm2 sized ITO by spray pyrolysis technique. CdCl2 

was used as the cadmium source whereas thiourea ((NH2)2CS) chemical salt was employed as 

the sulfur source. The substrates were in turn cleaned by acetone, ethanol and deionized water 

in an ultrasonic bath for 10 minutes, and they were rinsed by deionized water for avoiding of 

unwanted substances and drying process was carried out by flowing air. In the production of 

CdS thin films, solutions of 0.05 M and 0.1 M concentrations of CdCl2 and ((NH2)2CS) salts 

dissolved in deionized water were utilized. The pH of the solution was measured as 6.5. The 

prepared mixture was sprayed on ITO for 10 minutes with the help of compressed air at a 

temperature of 400 ℃. The distance between the substrates and the nozzle (spray head) was 

20 cm and the spray rate was set to 2 ml/min. In addition, the substrates were rotated at a 

speed of 10 rpm using a constant speed step motor during spraying to produce films 

homogeneously. After spraying was completed, the samples were taken onto Al2O3 plates and 

cooled quickly to prevent oxidation of the samples. After the growth was completed, it was 

observed that the samples were homogeneously coated and adherence between CdS films and 

ITO were good (Figure 3.2). 

 

 

Figure 3.2. CdS thin films grown by spray pyrolysis on ITO coated glass substrates. 

 

3.3. Chemical Bath Deposition (CBD) Method 

The chemical bath deposition method is one of the solution–based methods and is frequently 

used to obtain semiconductor compounds from aqueous solutions. With this method, 

homogeneous and well adhesioned–films can be formed on the appropriate substrates by 

controlled deposition of the compounds from the prepared solution. Compared to vapor phase 

synthetic methods, this method has many advantages. Also, it allows us to easily control thin 

film growth parameters such as film thickness, precipitation rate, varying solution pH value, 

quality of crystallites, temperature and solution concentration (Adaikalam et al., 2010). It is a 

cheap method that does not require high voltage and can be employed at RT. The most 
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important requirements are a solution containing the salts of the compound to be formed and a 

substrate on which the film will be grown. However, this method has some concerns about 

reproducible results compared to other chemical methods. However, with proper and careful 

optimization, reasonable results can be easily achieved. Figure 3.3 shows the chemical bath 

deposition system we use to grow CdS thin films in our laboratory. 

 

 

Figure 3.3. Chemical bath deposition system used to produce CdS thin film. 

 

3.4. Production of CdS Thin Films by CBD Method 

ITOs were subjected to the same cutting and cleaning process mentioned above. The solution 

prepared to grow CdS thin films via chemical bath deposition method contains CdCl2, 

thiourea, NH4Cl and NH4OH chemicals. Each chemical material was dissolved separately in 

deionized water as 0.02 M CdCl2, 0.05 M thiourea, 0.05 M NH4Cl. Then, the solutions were 

transferred to the beaker for coating process. A suitable amount of NH4OH was added to the 

mixture so that the pH of the formed solution was 11. The cleaned ITO were immersed in the 

solution and started to be heated from RT and reached 75 ℃ in about 3 hours and kept at this 

temperature for 15 minutes. As a result of this period, the samples were removed from the 
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solution and rinsed with distilled water various times to get rid of the undesired residual layer. 

The surface adhesion of CdS thin films obtained on ITO was found to be good (Figure 3.4). 

 

 

Figure 3.4. CdS thin films grown by chemical bath deposition on ITO coated glass substrates. 

 

3.5. Production of CdS Powders by CBD and Doctor Blade Method 

The procedure applied to obtain CdS thin films by above–mentioned CBD method was 

repeated to obtain CdS powder samples. Differently, no ITO were placed in the solution and 

the water in the solution was evaporated by waiting for a long time at a temperature of 75 ℃. 

The powders obtained were subjected to cleaning/washing with pure water several times to 

remove unwanted substances and then drying at 75 ℃. The appearance of the powders 

obtained is shown in Figure 3.5 (a). 

 

 

Figure 3.5. (a) CdS powder sample, (b) CdS paste samples obtained on ITO coated glass 

substrates by a doctor blade method. 

 

In order to use CdS powders in a SC application, a mixture was obtained for coating on ITO. 

The resulting mixture was formed from 2 g CdS powder, 4 ml distilled water, 10 µl 

acetylacetone and 50 µl triton (TX–100) chemicals. The obtained viscous paste was coated on 

ITO by virtue of doctor blade method and the samples obtained were annealed at 350 ℃ for 
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30 minutes in the air and vaporized from unwanted organic components. The photograph of 

the CdS paste sample obtained at the end of these processes and coated on ITO is given in 

Figure 3.5 (b). 

 

3.6. Hydrothermal Method 

The hydrothermal method is one of the most popular techniques used to grow nanostructured 

materials. This method has attracted a lot of attention of scientists' over the past 15 years. The 

word "hydrothermal" has a geological origin; the word "hydro" means water, while the word 

"thermal" means heat. The term hydrothermal refers to heterogeneous reactions occurring in a 

liquid solution under high pressure and temperature. In hydrothermal method, water is 

generally used as solvent. The water exposed to hydrothermal conditions exhibits different 

features than that of standard state. The reason for using water as a solvent is that it is low 

cost and environmentally friendly. In addition, due to being fireproof and volatile, non–toxic 

and thermodynamically stable, water often is used in this method. Hydrothermal system 

consists of autoclave, beaker, heater, thermometer and digital indicator. For material 

synthesis, a container called autoclave made of stainless steel is utilized. Generally teflon is 

employed as beaker. The beaker must be fully inserted into the autoclave without leaving any 

gaps. Compared to other advanced material growth techniques, the hydrothermal method is 

highly preferred because of the cheap device prices and use of less energy. Moreover, it is an 

environmentally friendly method. Variations that may occur in morphology and particle size 

can be achieved by this method (Bozkurt Çırak et al., 2020). Figure 3.6 shows the 

hydrothermal system we use to grow CdS nanospheres in our laboratory. 
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Figure 3.6. Hydrothermal system used to produce CdS nanospheres. 

 

3.7. Production of CdS Nanospheres by Hydrothermal Method 

CdS nanospheres were obtained in two steps. First of all, CdS seed layer was grown on ITO 

by using CBD method. The growth process of the CdS seed layer is exactly the same as 

producing CdS thin films obtained by the CBD method above. CdS nanospheres were 

obtained by using hydrothermal method on CdS seed layer. ITO were cleaned with the help of 

sulfuric acid, pure water and ethanol in the ultrasonic bath for 10 minutes, respectively and 

subsequently the substrate surfaces were dried with nitrogen gas. To produce CdS 

nanospheres, cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O) was used as a source of 

cadmium; thiourea ((NH2)2CS) as a source of sulfur; and glutathione as a reducing agent. 

Cd/S/glutathione molar ratio in solution was chosen as 1:3:0.6. 1.11 g cadmium nitrate, 0.82 g 

thiourea and 0.66 g glutathione chemicals were dissolved separately in 20 ml of distilled 

water and three different solutions were poured into teflon container and distilled water was 

added to the prepared solution in order to complete 75 ml. The Teflon container was placed 

inside the autoclave made of stainless steel and the autoclave was closed by placing the 

uncut–substrates vertically inside the teflon container. The temperature of the solution was 

heated to 150 ℃ by the temperature controller and at this temperature, it was waited for 3.5 

hours to grow CdS nanospheres. After growth process, the teflon container was allowed to 

cool down to the RT, and the samples were taken out, rinsed with deionized water, and 
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subsequently the samples were dried by nitrogen gas. The photography of CdS nanospheres 

grown on the CdS seed layer is shown in Figure 3.7. 

 

 

Figure 3.7. CdS nanospheres grown by two steps on ITO coated glass substrates. 

 

3.8. Surface Modification of CdS Samples via Diverse Dyes  

Eosin–Y dye: 5 mM Eosin–Y dye stuff was dissolved in acetone to prepare the desired 

solution and an orange solution in color was obtained (Figure 3.8 (a)). CdS samples grown on 

ITO with different methods were first soaked in the dye solution for 24 hours. As a result of 

not enough coating, additional dye coating was applied to the CdS samples with a spin–

coating device as 20 times at a speed of 1000 rpm, with one–minute coating time for each. 

Photographs of samples with Eosin–Y dye coatings are given in Figure 3.8 (b)–(e). It 

appeared that the adhesion of Eosin–Y dye stuff on the CdS thin film surface produced by 

spray pyrolysis was much weaker than those of the others. 

 

 

Figure 3.8. (a) Eosin–Y dye solution, (b) CdS thin films produced by spray pyrolysis method 

and coated with Eosin–Y dye, (c) CdS thin films produced by chemical bath deposition and 

coated with Eosin–Y dye, (d) CdS paste coated with Eosin–Y dye, (e) CdS nanosphere coated 

with Eosin–Y dye. 
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D205 dye: D205 dye with a concentration of 0.3 mM dissolved in solution containing 

acetonitrile and tert–butyl alcohol (1:1) (Figure 3.9 (a)). CdS thin films were kept in the 

obtained dye solution for 24 hours. Additionally, dye solution was also applied to the surface 

of the CdS samples with a spin–coating device with a spinning speed of 1500 rpm for 10 

times and one minute for each. Photographs of the coated samples are given in Figure 3.9 (b)–

(e). D205 dye stuff adhesion on the surface of CdS samples grown with different methods was 

found to be good. 

 

 

Figure 3.9. (a) D205 dye solution, (b) CdS thin films produced by spray pyrolysis method 

and coated with D205 dye, (c) CdS thin films produced by chemical bath deposition and 

coated with D205 dye, (d) CdS paste coated with D205 dye, (e) CdS nanosphere coated with 

D205 dye. 

 

N3 dye: After dissolving 0.5 mM N3 dye in pure ethanol, the samples were kept in this 

solution for 24 hours and hence, N3 dye coating was performed (Figure 3.10 (a)). However, 

as a result of lack of dye coating, additional dye coating was applied to the surface of CdS 

samples by spin–coating method for 15 times at a spinning speed of 1000 rpm, one minute for 

each. Photographs of CdS samples with N3 dye coatings were given in Figure 3.10 (b)–(e). It 

was determined that the adhesion of N3 dye stuff was weaker on the surface of CdS thin films 

produced by spray pyrolysis than those of the others. 
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Figure 3.10. (a) N3 dye solution, (b) CdS thin films produced by spray pyrolysis method and 

coated with N3 dye, (c) CdS thin films produced by chemical bath deposition and coated with 

N3 dye, (d) CdS paste coated with N3 dye, (e) CdS nanosphere coated with N3 dye. 

 

N719 dye: 0.5 mM N719 dye was dissolved in pure ethanol to obtain the desired solution 

(Figure 3.11 (a)). CdS samples grown on ITO were kept in this solution for 24 hours, however 

it was found that there was not enough coating on the surface. Thus, the additional coating 

process was carried out for the surface of the CdS samples as 10 times at a spinning speed of 

1000 rpm, one minute for each with the spin–coating device. The results obtained are 

presented in Figure 3.11 (b)–(e). The weakest N719 dye coating was found to occur for 

samples grown by spray pyrolysis. 

 

 

Figure 3.11. (a) N719 dye solution, (b) CdS thin films produced by spray pyrolysis method 

and coated with N719 dye, (c) CdS thin films produced by chemical bath deposition and 

coated with N719 dye, (d) CdS paste coated with N719 dye, (e) CdS nanosphere coated with 

N719 dye. 
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3.9. Coating of P3HT Material on CdS Samples Grown by Different Methods 

20 mg/ml of commercial P3HT material was dissolved in 2 ml of chlorobenzene (Figure 3.12 

(a)). P3HT solution was then applied on CdS samples, which were grown on ITO by different 

methods, with and without dye, with the help of a spin–coater, at a spinning rate of 1000 rpm, 

for 5 times, one minute for each period. Figure 3.12 (b) shows the P3HT organic material 

coated on ITO. Figure 3.12 (c) indicates the ITO/CdS thin film (spray)/P3HT sandwich 

structure and Figure 3.12 (d) shows the ITO/CdS thin film (CBD)/D205 dye/P3HT 

heterostructure. On the other hand, ITO/CdS paste/Eosin–Y dye/P3HT and ITO/CdS 

nanosphere/P3HT heterostructures are shown in Figure 3.12 (e) and (f), respectively. 

According to the results obtained from each photographs as displayed in Figure 3.12 (b)-(f), 

P3HT organic material can be easily coated on both the ITO and on the CdS surfaces with and 

without dye. 

 

 

Figure 3.12. (a) P3HT solution, (b) P3HT film coated on ITO coated glass substrates, (c) 

ITO/CdS thin film (spray)/P3HT sandwiched structure, (d) ITO/CdS thin film (CBD)/D205 

dye/P3HT heterostructure, (e) ITO/CdS paste/Eosin–Y dye/P3HT and (f) ITO/CdS 

nanosphere/P3HT heterostructure. 

 

3.10. Fabrication of CdS–based Hybrid Solar Cells 

CdS–based HSCs were completed by depositing Ag paste as front contact with a contact area 

of 0.008 cm2 on these heterostructures. As a back contact, “In-Ga” alloy was used. Figure 3.13 

(a)–(d) show photographs of ITO/CdS thin film (spray)/P3HT/Ag, ITO/CdS thin film 

(CBD)/D205 dye/P3HT/Ag, ITO/CdS paste/N719 dye/P3HT/Ag and ITO/CdS 

nanosphere/Eosin–Y dye/P3HT/Ag HSCs, respectively. 
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Figure 3.13. Hybrid solar cells of (a) ITO/CdS thin film (spray)/P3HT/Ag, (b) ITO/CdS thin 

film (CBD)/D205 dye/P3HT/Ag, (c)ITO/CdS paste/N719 dye/P3HT/Ag, and (d) ITO/CdS 

nanosphere/Eosin–Y dye/P3HT/Ag. 

 

Table 3.1. Codes, names and synthesis methods of produced CdS based samples. 

Sample Code Sample Name Synthesis Method 

A0 ITO/CdS thin film Spray Pyrolysis 

A1 ITO/CdS thin film/P3HT/Ag Spray Pyrolysis 

A2 ITO/CdS thin film/Eosin–Y/P3HT/Ag Spray Pyrolysis 

A3 ITO/CdS thin film/D205/P3HT/Ag Spray Pyrolysis 

A4 ITO/CdS thin film/N719/P3HT/Ag Spray Pyrolysis 

A5 ITO/CdS thin film/N3/P3HT/Ag Spray Pyrolysis 

B0 ITO/CdS thin film Chemical Bath Deposition 

B1 ITO/CdS thin film/P3HT/Ag Chemical Bath Deposition 

B2 ITO/CdS thin film/Eosin–Y/P3HT/Ag Chemical Bath Deposition 

B3 ITO/CdS thin film/D205/P3HT/Ag Chemical Bath Deposition 

B4 ITO/CdS thin film/N719/P3HT/Ag Chemical Bath Deposition 

B5 ITO/CdS thin film/N3/P3HT/Ag Chemical Bath Deposition 

D0 ITO/CdS powder CBD + Doctor Blade 

D1 ITO/CdS paste/P3HT/Ag CBD + Doctor Blade 

D2 ITO/CdS paste/Eosin–Y/P3HT/Ag CBD + Doctor Blade 

D3 ITO/CdS paste/D205/P3HT/Ag CBD + Doctor Blade 

D4 ITO/CdS paste/N719/P3HT/Ag CBD + Doctor Blade 

D5 ITO/CdS paste/N3/P3HT/Ag CBD + Doctor Blade 

F0 ITO/CdS nanosphere Hydrothermal 

F1 ITO/CdS nanosphere/P3HT/Ag Hydrothermal 

F2 ITO/CdS nanosphere/Eosin–Y/P3HT/Ag Hydrothermal 

F3 ITO/CdS nanosphere/D205/P3HT/Ag Hydrothermal 

F4 ITO/CdS nanosphere/N719/P3HT/Ag Hydrothermal 

F5 ITO/CdS nanosphere/N3/P3HT/Ag Hydrothermal 
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3.11. Characterization of Produced Samples 

Structural characterization of the produced samples was carried out by X–ray diffraction 

measurements (Rigaku D/Max–IIIC diffractometer) between 10–70° at RT and with 0.02° 

steps using CuKα rays. Surface morphology and determination of atomic ingredient of the 

samples were examined using scanning electron microscopy (SEM, JEOL JSM 6610) and 

energy dispersed X–ray spectroscopy (EDS, Oxford Instruments), respectively. The optical 

transmittance and absorption spectra of the samples were measured with a UV–VIS 

spectrophotometer (SpectraMax M5) instrument in the 400–1000 nm wavelength range. 

Photoluminescence measurements were made by Dongwoo Optron device with Xe lamp with 

a power of 450 W at RT in the range of 300–1000 nm. For CdS samples, a 325 nm was used 

as a stimulation wavelength, while the laser with a 532 nm as an excitation wavelength was 

employed for the other samples. Current density – Voltage (J–V) measurements of the 

produced CdS–based HSCs were made with a calibrated solar simulator (AM 1.5D) with an 

output power of 93 mW/cm2 via Keithley 2410 source meter. Characterization devices are 

shown in Figure 3.14 (a)–(d). 

 

 

Figure 3.14. Photographs of the characterization devices of (a) Rigaku D/Max-IIIC 

diffractometer (b) JEOL JSM-6610 SEM (https://www.jeol.co.jp/en/products/detail/JSM-

6610series.html) (c) SpectraMax M5 and (d) Dongwoo Optron. 
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4. RESULTS AND DISCUSSIONS 

 

4.1. Structural Properties of Samples 

Structural analysis of A0, B0, D0 and F0 samples were examined by X–ray diffraction (XRD) 

measurements and the results are presented in Figure 4.1 (a)–(d), respectively. 

 

XRD data of A0 sample is shown in Figure 4.1 (a). It was observed that A0 sample had a 

polycrystalline structure and consisted of reflection planes (100), (002), (101), (102), (110), 

(103), (200), (112), (201) and (202). This is an indication that CdS thin films have grown in a 

hexagonal structure with the JCPDS card number 41–1049. The fact that the intensity of the 

(101) peak was higher than the other peaks indicates that the CdS sample had a preferential 

orientation along (101). In addition to the peaks of CdS, reflection planes of the ITO structure 

were also observed in the XRD pattern. These peaks came from ITO. The 𝑎 and 𝑐 crystal 

parameters of the CdS structure were calculated as 0.414 nm and 0.671 nm using the 

reflection planes (100) and (002), respectively, from Eq. (6a) that is given below: 

 

 1

𝑑2
ℎ𝑘𝑙

=
4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎 2
) +

𝑙2

𝑐2
 (6a) 

 1

𝑑2
ℎ𝑘𝑙

=
ℎ2 + 𝑘2 + 𝑙2

𝑎 2
 (6b) 

 

where 𝑑 is interplanar spacing, ℎ, 𝑘 𝑎𝑛𝑑 𝑙 are miller indices and 𝑎, 𝑐 are the lattice constants. 

The average crystalline sizes of the CdS thin films were calculated by the plane of (101) using 

the Scherrer formula given below: 

 

 𝐷 =
0.94𝜆

β cos 𝜃
 (7) 

 

where 𝐷 is the crystalline size, 𝜆 is the wavelength of the X–ray being used, 𝛽 is the full 

width at half maximum (FWHM) in radians, and 𝜃 is the Bragg diffraction angle. 𝐷 value for 

A0 sample was found as 27.3 nm. 
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The XRD pattern of B0 sample is given in Figure 4.1 (b). In addition to the reflection planes 

coming from the ITO, it was seen that there were (111), (220) and (311) reflection planes of 

CdS. This indicates that CdS thin films have grown in cubic zinc blend structure with the 

JCPDS card number 75–1546. It was determined that the most intense diffraction peak was 

along the (111) plane. Using the (111) reflection plane, the lattice parameter value (𝑎) of CdS 

was determined as 0.577 nm from Eq. (6b). The crystalline size 𝐷 was found as 11.0 nm by 

the reflection plane (111) with the help of Scherrer formula. 

 

XRD data of D0 sample including CdS powders is presented in Figure 4.1 (c). As seen from 

the XRD result, CdS powder sample was composed of reflection planes (111), (200), (220) 

and (311), indicating that the sample has grown in cubic zinc blend as a polycrystalline 

structure (JCPDS card no: 75–1546). In addition, it appeared that XRD data had a preferential 

orientation along (111) plane. Lattice parameter, 𝑎, of the CdS structure was calculated by the 

reflection plane (111) as 0.581 nm, using the Eq. (6b). The 𝐷 crystalline size of the CdS 

powder sample was found to be 16.3 nm. 

 

The XRD result of the F0 sample, which was grown in two steps, is shown in Figure 4.1 (d). 

Reflection planes of (100), (002), (101), (110), (103) and (112) of CdS were found in the 

XRD pattern. This situation was interpreted as CdS nanospheres growing in hexagonal 

structure with the JCPDS card number 41–1049. It was observed from the XRD pattern that 

there was a preferential orientation along the reflection plane of (002). In addition to the peaks 

of the CdS structure, a large number of peaks resulting from ITO were found. With the help of 

peaks (002) and (110), 𝑎 and 𝑐 lattice constants of CdS were calculated from the Eq. (6a) and 

the results were in turn determined as 0.411 nm and 0.669 nm. The 𝐷 crystalline size of the 

CdS nanospheres was calculated as 15.4 nm through the reflection plane (002). 

 

It can be seen from the results discussed above that CdS samples that have different 

morphologies grown by different methods had different crystal structures, different 

orientations and different crystalline sizes. It is frequently observed in literature studies that 

CdS sample (A0), which is generally produced by spray pyrolysis method, has a hexagonal 

crystal structure that is grown along the reflection planes of (101) (Yılmaz, 2015). On the 

other hand, the growth of hexagonal CdS samples along the reflection planes of (002) is much 

more likely because it provides lowest free surface energy. This situation occurs in CdS 
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nanospheres (F0) obtained in two steps by hydrothermal method. In addition, it can be seen 

from the literature studies that CdS samples (B0 and D0), which are grown via the chemical 

bath deposition technique, generally crystallize in the cubic crystal structure (Khallaf, Oladeji, 

Chai, & Chow, 2008). 

 

 

Figure 4.1. XRD patterns of (a) A0, (b) B0, (c) D0 and (d) F0 samples. 

 

4.2. Morphological Analysis of Samples 

SEM measurements were performed to obtain the knowledge about the surface morphology 

and thickness of the produced samples. 

 

Figure 4.2 (a) and (b) indicate surface and cross–sectional photographs of A0 sample. It can 

be said that CdS thin films consisted of approximately round shaped grains and their grain 

sizes were distributed nonuniformly on the surface, thus forming small and large sized grains 

on the sample surface. However, it was seen that the surface had a compact morphology and 

no voids was observed on the surface. It can be seen that the average thickness value of the 

film was about 166 nm (Figure 4.2 (b)). Surface and cross–sectional SEM photographs of A1 

sample are presented in Figure 4.2 (c) and (d). As seen in Figure 4.2 (c), the P3HT thin film 
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consisted of very small grain sizes and grains were distributed homogenously on the surface. 

It was determined that the P3HT layer was properly coated on the CdS thin film and the 

average thickness of the P3HT thin film was nearly 238 nm (Figure 4.2 (d)). 

 

 

Figure 4.2. (a)–(b) show the plain view and 60° tilted SEM photographs of A0 sample, 

respectively. (c)–(d) indicate the top view and 60° tilted SEM photographs of A1 sample, 

respectively. 

 

Figure 4.3 exhibits SEM data of B0 and B1 samples. In Figure 4.3 (a) and (b), surface and 

cross–sectional images of B0 sample are given. The grain sizes of CdS thin films were too 

small to be seen due to the formation of very thin layer. A smooth and crack–free CdS surface 

with a compact morphology was observed. In addition, it was seen that the sample consisted 

of well–interconnected grains. The average thickness value of the B0 sample was almost 71 

nm (Figure 4.3 (b)). SEM photographs of B1 sample are given in Figure 4.3 (c) and (d). It can 

be seen in the Figure 4.3 (c) that the P3HT thin film consisted of rounded grains and the grain 

distribution was somehow nonhomogeneous. That is, some grains had a diameter of 500 nm, 

while others have diameter values below 100 nm. In addition, it was seen that the grains were 

slightly interconnected and hence, some voids were formed on the surface of the P3HT film. 

On the other hand, it was determined that the P3HT layer was homogeneously coated on CdS 
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thin films and the average thickness value was nearly 392 nm (Figure 4.3 (d)). 

 

 

Figure 4.3. (a) the plain view and (b) 60° tilted SEM photographs of B0 sample, (c) the top 

view and (d) 60° tilted SEM photographs of B1 sample. 

 

Figure 4.4 displays SEM photographs of D0, D1 and D4 samples, respectively. The surface 

photograph of the D0 sample is given in Figure 4.4 (a). CdS powders appeared to be formed 

by the combination of nanocrystalline small grains with a hollow and hierarchical 

morphology. After the P3HT thin film coating was applied on the CdS paste–formed 

structure, it was observed that the hollow structure of the CdS powders was largely filled by 

the P3HT layer (Figure 4.4 (b)). However, it was found that the hierarchical structure was 

preserved. On the other hand, a different surface morphology emerged for D4 sample (Figure 

4.4 (c)); a porous and granular morphology appeared for the surface of P3HT. This situation 

can be commented by that N719 dye modification homogenizing the CdS paste surface makes 

possible a more uniform P3HT thin film coating. However, the P3HT surface appeared to be 

rough. The thickness value of the D4 sample was approximately 28 µm (Figure 4.4 (d)). The 

fact that the thickness is such a high value is due to the thickness of CdS paste fabricated. 
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Figure 4.4. Top view SEM photographs of (a) D0 and (b) D1 samples, (c) the top view and 

(d) 60° tilted SEM photographs of D4 sample. 

 

Figure 4.5 shows SEM photographs of F0, F1, F2 and F4 samples. As seen in Figure 4.5 (a), 

the F0 sample grew in the nano–dimensional spherical morphology. It was observed that each 

sphere was formed by the combination of small sized CdS nanocrystals. It was determined 

that the diameter distributions of CdS nanospheres were somewhat homogeneous. A compact 

and dense sphere surface morphology was obtained. No cracks and/or voids were observed on 

the sample surface. In addition, large CdS nanospheres were found to grow on smaller 

diametered CdS spheres. It was determined from Figure 4.5 (b) that the average thickness 

value of CdS nanospheres was around 289 nm. SEM data of F1 sample is given in Figure 4.5 

(c). It was observed that the P3HT layer growing on the CdS layer consisted of spherical 

grains. It was determined that some spheres with large sizes were formed on small spheres. It 

was seen that the P3HT coating on the samples modified with Eosin–Y and N719 dyes was 

marginally different from that of unmodified ones. Sphere sizes of F2 and F4 samples were 

observed to be almost homogeneous. It was determined that a compact, crackless and dense 

CdS nanosphere morphology occurred. The average thickness of the F4 sample was found to 

be nearly 397 nm. Therefore, the thickness of P3HT layer was observed to be about 108 nm. 
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Figure 4.5. (a) top view and (b) 60° tilted SEM photographs of F0 sample, plain view SEM 

photographs of (c) F1, (d) F2 and (e) F4, respectively and (f) the 60° tilted SEM photographs 

of (e). 

 

4.3. Elemental Composition Analysis (EDS) of Samples 

The chemical composition of the produced CdS samples was investigated by EDS analysis. 

Figure 4.6 (a) illustrates the EDS spectrum of the A0 sample. The spectrum shows the peaks 

of the Cd and S elements. The fact that the percentage concentration of the Cd atom is slightly 

different from that of the S atom indicates almost stoichiometric thin film formation. On the 

other hand, the EDS spectrum of B0 sample is given in Figure 4.6 (b). From the data obtained 

for CdS thin film, it was determined that the percentage atomic concentration of Cd was 54.5 
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while it was 45.5 for S. This showed that the CdS main structure was richer in terms of Cd 

atom. EDS analysis of D0 and F0 samples are presented in Figure 4.6 (c) and (d), 

respectively. As can be seen, while D0 sample was richer in Cd atom, there was an excess of 

S atom in F0 sample. Such deviations from stoichiometry cause CdS samples to grow 

nonstoichiometrically and trigger the formation of internal defects such as Cd vacancies (𝑉𝐶𝑑), 

Cd interstitials (𝐼𝐶𝑑), S vacancies (𝑉𝑆) and S interstitial (𝐼𝑆) (Yılmaz et al., 2019). 

 

 

Figure 4.6. EDS spectra of (a) A0, (b) B0, (c) D0 and (d) F0 samples. 

 

4.4. Investigation of Optical Properties of Samples 

Optical properties of the samples were examined by transmittance, absorption and RTPL 

measurements. 

 

Figure 4.7 (a)-(e) depict the transmittance curves of A0, B0, D0, F0 and P3HT sample grown 

on ITO, respectively. From the Figure 4.7 (a), it was seen that the transmittance value of CdS 

thin films was approximately 80% in the range from 520 nm to 1000 nm, indicated that the 

transmittance value of the produced samples was very good and can be used as a window 

layer in SCs. In addition, the sharp increase at the absorption edge demonstrated that the 

quality of CdS sample was good. The transmittance curve of the B0 sample is given in Figure 

4.7 (b). It was seen that an increase has occurred in the absorption edge starting from 500 nm. 

However, the fact that this increase was edgeless indicated that the crystal quality of the 
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produced sample was not very good. The transmittance curve showed an increasing behavior 

with increasing wavelength and the maximum transmittance value occurred at a wavelength 

of 1000 nm as 60%. On the other hand, the transmittance curve of the D0 powder sample is 

presented in Figure 4.7 (c). It was seen that the transmittance value of CdS powder sample 

was in the range of 1–1.5%. This is thought to be due to the thickness factor formed in the 

measurement of the transmittance value of the powder sample. As the wavelength reached 

650 nm, the transmittance value increased gradually. Figure 4.7 (d) shows the transmittance 

curve of the F0 sample. It was observed that the transmittance value was at the highest as 20% 

up to approximately 520 nm. After 520 nm, the transmittance increased subsequently and it 

was 45% at 1000 nm wavelength value. The transmittance curve of organic P3HT material 

grown by spin–coating on ITO is illustrated in Figure 4.7 (e). Although the P3HT material 

coated on ITO or CdS appeared in dark color, its transmittance appears to be as high as 

approximately 90% in the 650–1000 nm wavelength range. 

 

 

Figure 4.7. Transmittance spectra of (a) A0, (b) B0, (c) D0 and (d) F0 samples, (e) 

transmittance curve of P3HT film grown on ITO substrate. 
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The band gap values of the samples were calculated with Tauc’s plot analysis method and the 

results are shown in Figure 4.8 (a)–(e). Figure 4.8 displays the band gap values of A0, B0, 

D0, F0 and the P3HT sample grown on ITO, respectively. It can be seen from Figure 4.8 (a)-

(b) that the band gap values of the A0 and B0 samples were obtained as 2.45 eV and 2.98 eV, 

respectively. On the other hand, the band gap value of D0 sample was found as 1.92 eV. The 

band gap value of the F0 sample was revealed to be 2.52 eV. The difference between the band 

gaps values of CdS samples produced by four different methods can be interpreted as follows: 

as known, the RT band gap value of the bulk CdS material is 2.42 eV. The higher band gap 

value of the A0 sample than that of bulk one can be attributed to the slight deviations from 

stoichiometry of CdS thin films and to the formation of some defects in the crystal structure. 

The high bandwidth values of B0 and F0 samples may correspond to a situation expressed as 

quantum confinement effect (Chuu & Dai, 1992). As known, this effect occurs when the 

crystalline size of the CdS sample drops below a certain value and this leads to significant 

increases in band gap value. It can be said from XRD and SEM results that such a situation 

has occurred. Increasing bandwidth value causes CdS samples to be used as a window layer 

more efficiently in SCs. However, it is thought that the band gap value of the D0 sample is 

below that of bulk one due to the thickness factor. It is known that increasing film thicknesses 

leads to a drop in band gap values (Lamouri, Salmani, Ez-zahraouy, & Benyoussef, 2016). On 

the other hand, the band gap value of the P3HT thin film was calculated as 1.98 eV and is 

shown in Figure 4.8 (e). This value is in agreement with the value recorded in the literature 

studies (Kroon, Lenes, Hummelen, Blom, & de Boer, 2008; Dou, Liu, Hong, Li, & Yang, 

2015). 
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Figure 4.8. Tauc’s plot analysis results of (a) A0, (b) B0, (c) D0 and (d) F0 samples, (e) band 

gap curve of P3HT film grown on ITO substrate. 

 

Absorption spectra of samples containing different dyes (Eosin–Y, D205, N719 and N3) were 

taken to investigate the effects of dye modification on the CdS surface. Figure 4.9 (a)–(d) 

show the absorption spectra of the sample series of A, B, D and F, respectively. While A1, B1 

and F1 samples exhibited absorption band in the range of 400–650 nm, this interval value was 

wider for D1 sample. In addition, with the dye modification, some shifts towards longer or 

shorter wavelengths in A, B, D and F series samples occurred. This situation is related to the 

increase or decrease of photon capture ability of the formed CdS sample. A1, B1 and F1 

samples had maximum peak values at 483 nm, 483 nm and 468 nm, respectively. These peaks 

are associated with vibrational transitions that exist between polymer chains of the P3HT 

molecule resulting from strong interchain interactions (Kim, An, Oh, Chung, & Park, 2014). 

In the D1 example, this peak was nonobvious at all. Within A, B and F series samples, the 



37 

absorption intensity increased for all of the dye modified samples compared to the non–

modified (A1, B1 and F1) ones. However, the D series examples displayed a slightly different 

behavior. Only the Eosin–Y dye modified sample (D2) had an increase in absorption. The 

increase in peak intensities of absorption spectra after dye modifications is an indication that 

these dyes were absorbed efficiently on the CdS surface. Such a situation leads to the 

emergence of a more compatible CdS/P3HT interface. This improvement is due to the strong 

π–π interactions between the P3HT polymer chain and any dye used (Nan et al., 2013). 

 

 

Figure 4.9. Absorption spectra of (a) A series, (b) B series, (c) D series and (d) F series 

samples. 

 

The defect structure of CdS and P3HT samples were examined by RTPL measurements and 

the results are shown in Figure 4.10 (a)–(e). Figure 4.10 (a)–(d) depict the PL spectra of 

samples A0, B0, D0 and F0, respectively. A0 sample showed two basic peaks corresponding 

to 503 nm and 680 nm wavelengths. The first peak belongs to the green zone and is associated 

with the band gap value of the CdS material resulting from radiated recombination of excitons 

(Yow-Jon Lin, You, Chang, Liu, & Wu, 2015), while the second peak had an asymmetrical 

nature between 525 nm and 800 nm and is called as deep level emission. This peak is often 

attributed to point defects such as sulphur vacancies (𝑉𝑆), cadmium vacancies (𝑉𝐶𝑑) and 
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cadmium interstitials (𝐼𝐶𝑑) (Yılmaz et al., 2017). PL data of B0 sample is given in Figure 4.10 

(b). CdS thin films grown through the CBD appeared to have a wide asymmetrical peak with 

a maximum wavelength of 619 nm. This peak covers all regions starting from the blue zone to 

the red zone. The origin of this peak can be attributed to above–mentioned (𝐼𝑆, 𝐼𝐶𝑑 and 𝑉𝑆) 

defects. In addition to the mentioned peak, another peak corresponding to the red region of 

679 nm wavelength was observed and this peak is attributed to 𝑉𝐶𝑑 defects caused by the 

presence of surface conditions (Yılmaz et al., 2017). The PL curve for D0 sample is presented 

in Figure 4.10 (c). The CdS powder sample appeared to exhibit peaks essentially 

corresponding to three different regions. These zones are 350–400 nm (UV), 400–500 nm 

(blue) and 500–750 nm (deep level emission), respectively. The fact that CdS powders grew 

nonstoichiometrically causes such intrinsic defects. While the UV peak is associated with 

transitions between shallow and deep levels, the blue peak is attributed to defect levels 

(Yılmaz, Atasoy, Tomakin, & Bacaksız, 2015). On the other hand, deep level emission is 

generally attributed to intrinsic defects such as 𝐼𝐶𝑑, 𝑉𝑆 and 𝑉𝐶𝑑, as mentioned above (Yılmaz 

et al., 2017). The PL spectrum of CdS nanospheres (F0) is shown in Figure 4.10 (d). As in the 

D0 example, CdS nanospheres were also shown to have peaks with 350–400 nm (UV), 400–

500 nm (blue) and 500–750 nm (deep level emission) wavelength ranges. The origin of these 

peaks was discussed in detail above. It was determined from the Tauc band gap calculation 

that the band gap value of CdS nanospheres was 2.52 eV (492 nm). This wavelength 

corresponds to the blue region. Yet, the bulk value of the CdS material corresponds to the 

green zone with 2.42 eV. However, the fact that the CdS sample has grown in nanoscale led 

to an increase in the band gap value, thereby creating a shift towards the blue region in the PL 

curve. As a result, it can be said that the blue peak also corresponds to the bandwidth of the 

CdS nanospheres (Thambidurai et al., 2010). The PL curve of the P3HT thin film grown on 

ITO is given in Figure 4.10 (e). As can be seen, the P3HT film basically displayed an 

asymmetrical peak. 
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Figure 4.10. Photoluminescence curves of (a) A0, (b) B0, (c) D0 and (d) F0 samples, (e) 

photoluminescence spectrum of P3HT film grown on ITO substrates. 

 

RTPL curves of A, B, D and F series heterostructures are shown in Figure 4.11 (a)–(d), 

respectively. Figure 4.11 (a) shows the PL curves corresponding to A1, A2, A3, A4 and A5 

samples, respectively. Compared to that of Figure 4.10 (e), it can be said that similar PL 

curves occurred. This means that the P3HT thin film dominated all spectra of PL data. The 

only variable thing was peak intensities. Compared with A1 heterostructure, a decrease in the 

peak intensity of the other A series heterostructures took places. A similar behavior was 

recorded in B and D series examples (Figure 4.11 (b)–(c)). Such a situation is an indication of 

the effective electron transfer from the P3HT layer to the CdS layer with different dye 
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modifications of the CdS surfaces. This results in efficient exciton separation at the 

CdS/P3HT interface (M. Zhong et al., 2012; Jiang et al., 2010). Thus, dye modification causes 

more suitable interface formation between CdS and P3HT. This is in agreement with the 

optical absorption results discussed earlier. Similar results were obtained by Jabeen, Adhikari, 

Pathak, Shah and Nunzi (2018) for CdS–based HSCs. On the other hand, as for F series 

samples, the PL intensity of the F1 sample was greater than the intensities of all the other 

peaks, except for F3 sample. The peak intensity of the F3 sample was more intense than that 

of F1 sample, meaning that there will be no effective exciton dissociation at the CdS/P3HT 

interface, which significantly reduces the efficiency of the SC. 

 

 

Figure 4.11. Photoluminescence curves of (a) A series, (b) B series, (c) D series and (d) F 

series heterostructures. 

 

Current density – voltage (J–V) measurements of heterostructures belonging to A, B, D and F 

series were measured under the calibrated light and the results are shown in Figure 4.12 (a)–

(d). Figure 4.12 (a) shows the J–V curves of A1, A2, A3, A4 and A5 samples, respectively. In 

addition, important parameters of the produced SCs such as short circuit current density (𝐽𝑠𝑐), 

open circuit voltage (𝑉𝑜𝑐), filling factor (FF) and solar cell efficiency Ƞ (%) are listed in Table 

4.1. All SCs clearly showed a photovoltaic effect. 𝐽𝑠𝑐 value of A1 sample was 0.30 mA/cm2, 

𝑉𝑜𝑐 value was 0.14 V, filling factor was 0.33 and PCE was 0.015%. The low value of this 
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efficiency is due to the weak contact area of the hydrophilic CdS and P3HT surfaces (M. 

Zhong et al., 2012). In addition, as seen in the PL results in Figure 4.10 (a), it is thought that 

CdS thin films that had a defected structure may lead to low SC efficiency (Chen et al., 2011). 

Compared with the A1 sample, an increase in the 𝑉𝑜𝑐 value of the A2 sample, whose CdS 

surface has been modified with Eosin–Y dye, from 0.14 V to 0.49 V was observed. This 

corresponds to a fourfold increase in PCE value of approximately 0.057%. The reason for 

such an increase in the 𝑉𝑜𝑐 value is that surface modification with Eosin–Y dye causes direct 

contact between the CdS and P3HT layers, thereby reducing charge recombination between 

the electrons in the CdS layer and the holes in the P3HT layer (Lim et al., 2013; Thitima, 

Patcharee, Takashi, & Susumu, 2009). Efficiency value of A3 sample containing D205 dye 

was obtained as 0.059%. This value is higher than that of the efficiency of the sample without 

any dye treat (A1). This can be attributed to an improvement in the wettability of the CdS thin 

film surface because the interaction between water and dye molecules results in the formation 

of a hydrophobic surface (Ruankham et al., 2013). In addition, a dipole moment of the D205 

molecule causes a shift in the locations of band energy between CdS and P3HT, which leads 

to an increase in the open circuit voltage of the SC (Ruankham et al., 2013). On the other 

hand, the best efficiency value was obtained as 0.082% for A4 sample. As can be seen from 

Table 4.1, N719 dye modification improves not only the 𝐽𝑠𝑐 value of the cell but also the 𝑉𝑜𝑐 

value. Compared with the other A series cells, there was no significant change in 𝐽𝑠𝑐 value, 

while the maximum 𝑉𝑜𝑐 (0.69 V) value is displayed by A5 sample. The efficiency value of 

this SC was 0.080%. Such improvements in the efficiency of SCs containing Ru–based dyes 

can be explained by the enhancement of the electronic coupling between the CdS and N719 or 

N3 dye adhering to the CdS surface (Nan et al., 2013). Comparable results were found by 

Yun-Yue Lin et al. (2009) for TiO2/P3HT HSCs and by M. Zhong et al. (2012) for CdS/P3HT 

HSCs. 

 

J–V curves of B1, B2, B3, B4 and B5 samples are given in Figure 4.12 (b). While the 

efficiency value of the sample without dye modification (B1) was 0.046%, no significant 

efficiency change was observed as a result of modification of CdS surface with Eosin–Y. 

With the D205 dye modification, the efficiency value of the cell increased. Efficiency was 

reached to 0.153% with the N719 dye modification. However, the highest PCE was obtained 

for B5 sample as 0.322%. The reasons for such improvements in open circuit voltage and 

short circuit currents are mentioned in detail above. In addition, there was an improvement in 
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photon absorption efficiency as previously discussed in the absorption spectra (Figure 4.9) 

with the surface modification of the CdS thin film with different dyes. This is due to the 

formation of a better surface contact area between CdS and P3HT. Furthermore, surface 

modification with different dyes causes an increase in exciton separation efficiency at the 

CdS/P3HT interface. As discussed in the PL results (Figure 4.11), there is a dye–induced 

improvement in the interface compatibility between CdS and P3HT. 

 

CdS thin films (A and B series) obtained by two different methods appeared to have very 

different efficiency values. As discussed above, the dye adhesion capacities of CdS samples 

(A0, B0) obtained in different grain sizes are different. Different dyes come into better surface 

contact in B series heterostructures due to the smaller grain and crystalline sizes that B0 

sample has. As a result, higher efficient SCs are attained. 

 

The J–V graphs of the D and F series heterostructures are presented in Figure 4.12 (c)–(d), 

respectively. For D1 sample without any dye modification, the efficiency value was obtained 

as 0.046%. For CdS surface modified with the other D205, N719 and N3 dyes, SC efficiency 

values are even worse than that of D1 sample as seen in Table 4.1. This is in agreement with 

the absorption plots presented in Figure 4.9 (c). That is, dye modification of CdS paste 

surfaces with D205, N719 and N3 dyes led to a reduction in absorption curves, thus, CdS 

paste surfaces were less coated with such dyes. On the other hand, the highest efficiency value 

in D series was observed for D2 sample as 0.153%. The absorption curve results also support 

this situation. In addition to the comments on the efficiency improvement caused by Eosin–Y 

dye modification in the A series heterostructures, Eosin–Y dye helps to reduce leakage 

currents by direct contact between CdS and Ag metal (Lim et al., 2013). 

 

Figure 4.12 (d) represents the J–V characteristics of the F1, F2, F3, F4 and F5 samples, 

respectively. The efficiency value of F1 sample was obtained as 0.013%. When the surface of 

CdS nanospheres was modified with Eosin–Y dye, an improvement in the efficiency value 

occured. However, as a result of D205 dye modification, there was a significant decrease in 

SC efficiency. On the other hand, just as the short circuit current density (𝐽𝑠𝑐) of the SC 

modified by N719 dye reached its maximum value, the open circuit voltage also increased 

significantly from 0.59 V to 0.92 V. The efficiency value of this SC reached the highest value 

of 0.881%. On the other hand, while the F5 sample displayed the highest open circuit voltage 
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(𝑉𝑜𝑐) value, its PCE value was 0.29%. It can be seen from Figure 4.9 (d) that the increase or 

decrease in the efficiency values are related to the dye absorption property of the CdS 

nanosphere surface. In addition, such improvements in efficiency value can be explained by 

the increase in exciton dissociation efficiency at the CdS/P3HT interface. This case is also 

approved by a decrease in the PL curve of F2, F4 and F5 samples compared to the data of the 

unmodified sample (Figure 4.11 (d)). However, there was an increase in the PL peak intensity 

of the F3 sample containing D205 dye, which led to a decrease in efficiency. 

 

Compared with the other series, it is thought that the high efficiency seen in the F series 

samples is due to the growth of CdS samples in nanosphere morphology. Because CdS 

samples grown in sphere morphology have more dye absorption due to excessive surface 

contact area. Such a situation leads to an increase in the PCE of SCs modified by dye. 

 

 

Figure 4.12. J–V characteristics of (a) A series, (b) B series, (c) D series and (d) F series 

hybrid solar cells. 
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Table 4.1. Solar cell parameters of A, B, D and F series photovoltaics 

Cell Code Jsc (mA.cm−2) Voc (V) FF Ƞ (%) 

A1 0.30 0.14 0.33 0.015 

A2 0.31 0.49 0.35 0.057 

A3 0.60 0.23 0.40 0.059 

A4 0.40 0.48 0.33 0.082 

A5 0.32 0.69 0.34 0.080 

B1 0.64 0.19 0.35 0.046 

B2 0.46 0.30 0.30 0.045 

B3 0.56 0.31 0.41 0.080 

B4 0.76 0.40 0.41 0.135 

B5 1.16 0.62 0.42 0.322 

D1 0.32 0.48 0.280 0.046 

D2 1.21 0.40 0.260 0.135 

D3 0.27 0.14 0.265 0.011 

D4 0.83 0.16 0.264 0.038 

D5 0.30 0.05 0.267 0.004 

F1 0.068 0.59 0.299 0.013 

F2 0.241 0.68 0.256 0.045 

F3 0.032 0.52 0.240 0.004 

F4 2.878 0.92 0.309 0.881 

F5 0.956 1.01 0.279 0.290 
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5. CONCLUSIONS 

 

Within the scope of this thesis, CdS samples with different morphologies were produced by 

three different methods. CdS–based hybrid solar cells were obtained by these samples in 

different morphologies. In addition, CdS hybrid solar cells were produced with the obtained 

heterostructures making surface modifications with different dyes on CdS samples grown in 

different morphologies. Thus, the structural, morphological, optical and electrical 

measurements of the samples were examined. The reasons for changes in CdS–based hybrid 

solar cell efficiency values were discussed in detail. 

 

The obtained results in this thesis are summarized as follows: 

i. A0 and F0 samples had a hexagonal crystal structure, however, B0 and D0 samples 

grew in a cubic zinc blend structure. 

ii. It was observed that A0 sample consisted of round shaped and non–homogeneous 

grains, whereas B0 samples appeared to be in very small grains. It was determined that 

D0 sample consisted of small–sized nanocrystals with a hierarchical morphology, 

whereas F0 sample was obtained in nano dimensional sphere morphology. It was 

noticed that the coating of P3HT thin film covered on CdS samples was homogeneous 

for all the samples.  

iii. From the EDS results, it can be said that the A0 sample had the most stoichiometric in 

nature. Other samples (B0, D0 and F0) exhibited deviations from stoichiometry.  

iv. It was noticed that the transmittance value of the A0 sample was nearly 80% in the 

range of 520–1000 nm, and the maximum transmittance value of the B0 sample 

appeared to be 60% at the wavelength of 1000 nm. On the other hand, whereas D0 

sample showed very low transmittance as 1–1.5%, F0 sample was found to reach its 

highest transmittance value at 1000 nm wavelength as 45%. The transmittance of the 

P3HT film was found to be around 90%. 

v. Band gap values of A0, B0, D0, F0 and P3HT samples were found as 2.45 eV, 2.98 eV, 

1.92 eV, 2.52 eV and 1.98 eV, respectively. 
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vi. Increases in absorption peak intensities occurred with any dye modification in A, B and 

F series samples. However, in D series samples, only the peak intensity of D2 sample 

increased.  

vii. According to the photoluminescence results obtained with a 325 nm excitation 

wavelength, each of the CdS samples with different morphologies grown by different 

methods exhibited defect peaks corresponding to different regions.  

viii. A decrease in peak intensities in the A, B and D series was observed from the 

photoluminescence results of CdS–based heterostructures measured by a laser with a 

wavelength of 532 nm compared to the sample without dye modification. However, in 

the F series, the F3 sample was found to exhibit an increasing peak intensity.  

ix. According to the current density–voltage results, the dye modification of the CdS 

surface within each series led to an increase in PCE. For example, in the A series, A4 

sample had the highest efficiency value, while in B series, the B5 sample had the 

highest. However, in the D series, the maximum efficiency value was observed for the 

D2 sample, while in the F series, the F4 sample had the highest solar cell efficiency. In 

addition, efficiency values of CdS–based solar cells obtained with different 

morphologies showed different characteristics. It was determined that the F series 

samples obtained in nanosphere morphology had the maximum solar cell efficiency. 
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6. RECOMMENDATIONS 

 

As a future study of this thesis, an increase in solar cell efficiency values can be further 

obtained by creating a PEDOT:PSS layer on ITO substrates. Also, possible changes in solar 

cell efficiency can be examined by using Au and Al as front contacts. Furthermore, the effect 

of different dyes and morphologies can be applied to ZnO/P3HT and ZnS/P3HT hybrid solar 

cells. 

 

 

Figure 6.1. Schematic diagram of the PEDOT:PSS/CdS/P3HT hybrid solar cells for the 

future studies. 

 

 

Figure 6.2. Schematic drawing of (a) PEDOT:PSS/ZnO/P3HT and (b) PEDOT:PSS/ZnS/ 

P3HT hybrid solar cells for the future studies. 
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