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INTRODUCTION 

During the last 20 years, the global energy consumption increased to 
~25 000 TWh in 2016, which is a result of the increasing energy consumption per 
person in the growing world population. In 2015, the share of the net electricity 
generated from hydropower, wind turbine and solar power plants in the European 
Union was 11.9%, 9.7% and 3.5%, respectively [1]. The latter one reached this 
value in ~10 years from 0.1%. The development of clean energy resources as an 
alternative to fossil fuels has become one of the most important tasks of 
researchers engaged in modern science and technology in the 21st century. 
Among the various renewable energy sources, solar energy is the best choice for 
meeting the energy demands because of the inexhaustible energy reaching the 
earth from the sun. In order to promote the use of photovoltaic (PV) devices, it is 
necessary to develop environment-friendly, low-cost, and high-efficiency solar 
cells (SCs). 
 On a large scale, three different generations of SCs can be distinguished. First-
generation (1G) cells belong to single-crystal or multi-crystal technology, and 
they are generally based on monocrystalline silicon (Si) [2]. Second-generation 
(2G) or thin-film cells were developed to address energy requirements and 
production costs. Third-generation (3G) technologies were aimed at enhancing 
poor electrical performance of 2G, while maintaining very low production costs 
by applying multi-junction (tandem) device architecture and concentrators [3] as 
well as introducing novel organic materials [4]. Currently, the efficiency of 
commercial PV wafer-based Si modules is ~17%, whereas that of CdTe module 
is ~16%. In the laboratory scale, the best performing modules are based on 
monocrystalline Si with efficiencies of 24.4%. Module efficiencies over 38% 
have been reached by using the concentrator technology [3]. In 2017, an 
efficiency over 26% was reported for a large-area amorphous Si SC with an area 
of ~180 cm2 [5]. New 3G technologies will be utilized to produce high-efficiency 
SCs based on new scientific approaches [6]. The theoretical maximal efficiency 
of 3G SCs is over 60% [7]. The most effective 3G SC at the laboratory scale is 
the perovskite SC with an efficiency of ~22%; however, the efficiency of a 
16 cm2 module reaches only 16% [8]. The advantages of 3G technologies are the 
wider range of semiconductor materials that can be combined and easier solution-
based fabrication processes compared to the 1G and 2G technologies. Materials 
can be nanoscale structures of solution-processed chalcogenides combined with 
conducting polymers (CPs) such as poly(3-hexylthiophene) (P3HT), MEH-PPV, 
and PCPDTBT, which can be applied for hybrid SCs. Both inorganic and organic 
semiconductors can be synthesized by electrodeposition (ED), which is an 
economically promising alternative to physical and some other wet chemical 
processes as it requires low-cost equipment, allows scalability for large-area 
deposition, and high utilization rate of precursors [9]. 
 There are numerous reports on SCs prepared by various techniques 
accompanied by electrodeposition (ED) [10–13], whereas the number of reports 
on all-electrodeposited SCs is much fewer [14–16]. Nevertheless, these SCs have 
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shown competitive PV properties. The most efficient all-electrodeposited 2G SC 
has an efficiency of 12%, and it is composed of metal-chalcogenide thin films 
[14]. The 3G SCs are less efficient because of the issues on electrodeposited self-
assembled nanostructures with low growth rates and high-defect densities [17]. 
When adding a CP for the fabrication of hybrid SCs, other issues may arise in 
connection with poor e- mobility, poor adhesion of polymer to the substrate, and 
structural defects such as inhomogeneities and structural disorders [17]. Although 
there are studies on ED of self-assembled CdSe films, the fabrication of SCs on 
its basis is missing. Reports on all-electrodeposited SC structures mainly include 
2G technologies, while to our best knowledge, there are none or very few reports 
on all-electrodeposited 3G SCs. The lack of information on the fabrication of 
such structures may be due to issues of reproducibility, application of near-
boiling temperatures for aqueous solutions, and substrate stability. The target of 
this study is to achieve a reproducible ED of Cd-chalcogenide films for 
application in semi- and all-electrodeposited hybrid SCs with conventional and 
nanostructured device architectures 
 The aim of the study was electrochemical formation of nanostructured CdSe 
and nanocrystalline CdS films from acidic aqueous media in order to apply these 
films as matrix for an electrodeposited nanostructured (glass/indium tin oxide 
(ITO)/CdS/CdSe/PPy/graphite) 3G SC. Moreover, conditions for self-assembly 
of CdSe and application of low deposition temperatures of CdS were determined. 
In addition, the effect of thermal treatment on properties of electrodeposited films 
was studied. 
 Introduction provides information on the main properties of Cd-
chalcogenides, applications of these compounds, descriptions of SC and 3G PV 
technology, introduction on electrochemistry of CdS, CdSe, CdTe, and CPs. It is 
followed by a brief literature review in Chapter 1, which includes a summary of 
the literature overview and aim of the study. Chapter 2 presents the experimental 
details on ED and thermal treatment of CdS and CdSe, and describes the 
characterization methods and fabrication of conventional and nanostructured 
hybrid SCs. Chapter 3 is divided into three sections and presents the results of the 
study including the discussions. The results have been published in six peer-
reviewed papers included in Appendix A. The thesis concludes with a summary 
of the main goals and obtained results. 
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CdSe   Cadmium selenide 
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h+    Hole 
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PEC    Photoelectrochemical 

PEDOT:PSS         Poly(3,4-ethylenedioxythiophene):poly(styrene 
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PPy    Polypyrrole 

PV    Photovoltaic 

Py    Pyrrole 

P3HT   Poly(3-hexylthiophene) 

P3OT   Poly(3-octylthiophene) 

QDSSC  Quantum dot sensitized solar cell 

R    Reaction 

RE   Reference electrode 

Red   Reduced form of the standard system 

RT   Room temperature 

SCE    Saturated calomel electrode 

SC    Solar cell 

SEM   Scanning electron microscopy 

SHE   Standard hydrogen electrode 

Si    Silicon 

TCO   Transparent conducting oxide 

TFSC  Thin film solar cell 

UV-Vis  Ultraviolett-visible 

Voc    Open circuit voltage 

WE    Working electrode 

XRD   X-ray diffraction analysis 

1G    First-generation 

2G    Second-generation 

3G    Third-generation 

[precursor] Concentration of a precursor 
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1. LITERATURE OVERVIEW 

1.1. Main properties of Cd-chalcogenides 

Chalcogenides are chemical compounds of chalcogens and metals. Cd-
chalcogenides belong to a group of II-VI semiconducting materials. Cadmium 
sulfide (CdS), cadmium selenide (CdSe) and cadmium telluride (CdTe) are the 
representatives of chalcogenide binary compounds. 
 There exist two crystalline forms of CdS α- and β- as well as amorphous form. 
α-CdS corresponds to hexagonal close-packed crystalline structure with the 
following lattice parameters a = 4.150 Å, c = 6.788 Å, z = 2. β-CdS corresponds 
to body-centered cubic structure with the lattice parameters as a = 5.818–5.83 Å, 
z = 4. CdS is an n-type semiconductor with a direct band gap of about 2.5 eV for 
bulk material. Electrical resistivity of CdS changes under illumination and the 
change is dependent on the wavelength. Ultraviolet illumination, with quantum 
energy higher than the bandgap (Eg) of CdS, creates additional conductivity, 
which is dependent on the intensity and wavelength of illumination [18]. Physical 
and chemical methods as sputtering [19], vacuum evaporation [20], close space 
sublimation [21] and chemical bath deposition [22], electrodeposition (ED) [23–
28] have been applied for the synthesis of CdS. 
 CdSe has a direct Eg of ~1.75 eV, and it is existing in nature in two crystalline 
forms: wurtzite and zinc-blend with the lattice parameters equal to z = 2, 
a = 4.31 Å, c = 7.02 Å and z = 4, a = 6.05 Å, respectively. CdSe can exhibit both, 
n- and p-type conductivity, depending on the synthesis conditions [29]. CdSe 
crystals are photosensitive in a wide range of illumination from UV to infrared 
[18]. CdSe for solar cells has been synthesized by hot-injection [30], thermal 
evaporation [31], sputtering [32], chemical bath deposition [33], and ED [34–36] 
methods. 
 CdTe is characterized by zinc-blende crystalline structure with the lattice 
parameter as a = 6.464 Å and wurtzite structure with the lattice parameters as 
a = 4.56 Å, c = 4.76 Å. CdTe exhibits both, n- and p- types of conductivity, direct 
bandgap of ~1.45 eV for bulk, and absorption coefficient of ~1.1 × 106 cm−1 [37]. 
CdTe is also photosensitive with maximum photocurrent in the infrared region 
[18]. CdTe can be deposited by physical methods, such as close space sublimation 
[38], vacuum evaporation [39] etc. as wells as chemical [40] and electrochemical 
(EC) [41, 42] methods. 
 Owing to their stable properties, Cd-chalcogenides have been applied in a 
wide range of applications such as solar cells (SC) [14], fuel cells [43], biosensors 
[44], photodetectors [45], memory devices [46], etc. However, a safety aspect of 
Cd-containing compounds had been raised in the last decades [47–50]. Generally, 
Cd exists as a divalent cation, complexed with other elements (e.g., CdCl2). 
Studies showed that solid Cd species are nontoxic or low toxic, whereas dissolved 
Cd-compounds may be toxic [50]. In case of quantum dots and nanoparticles the 
surface is more reactive, however correctly chosen combinations of compounds 
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(e.g. CdS/ZnS) and processing help to avoid the radical formation due to 
electronic properties of the materials eliminating the toxicity [47,49]. 

1.2. Three generations of solar cells 

Currently, the development of SCs can be classified into three generations [51]. 
The first-generation (1G) is represented by the single-crystal or multi-crystal SCs 
[2]. Up to the year 2016, the most efficient single-junction terrestrial SC was the 
crystalline-Si (c-Si) cell with an efficiency of 26.3% and a fill factor (FF) of 
83.8% [8]. The drawbacks of the c-Si SC production are high material utilization 
and costly fabrication methods owing to the relatively low absorption coefficient 
of c-Si. 
 The second-generation (2G) is represented by the thin film technology. This 
technology provides alternative absorber materials, such as amorphous silicon, 
CdTe, CuInS2 or Cu(In,Ga)S2, and other III–V materials. The thickness of the 
absorber layer in a thin film SC is up to a few micrometers, which has a lower 
cost but a lower SC efficiency and requires the application of rare elements 
(e.g., In and Ga) [52]. n-type chalcogenide thin films such as CdS and CdZnS 
with no rare elements have been widely applied for p-n heterojunction formation 
in inorganic thin film SCs [37]. Up to the year 2016, the most effective 
chalcogenide thin film SCs based on Cu(In,Ga)S2 and CdTe have efficiencies of 
~22.6% and 22.1%, respectively [53,54]. 
 Owing to new emerging technologies, the third-generation (3G) SCs 
appeared. Examples are organic, dye-sensitized, quantum-sized, and perovskite 
SCs, which remain the subject of extensive research [4]. The aims of 3G PVs are 
(a) the use of semiconductors with high absorption coefficient but low diffusion 
length of photo-generated charge carriers, (b) efficient light trapping to reduce 
the materials, (c) and reduction of processing costs and energy demands. 
However, there are several aspects of 3G SCs such as stability, flexibility, and 
environment-friendly components that need to be improved. Concepts such as 
extremely thin absorbers (ETAs), nanocomposite absorbers, and quantum dot 
absorbers (Fig. 1.1) tend to fulfill such requirements. Nanocomposite absorbers 
are used to increase the diffusion length to an effective one, leading to a reduction 
of recombination. The ETA, which is placed between the transparent electron     
(e-) and hole (h+) conducting layers, should have a thickness larger that the 
tunneling length in order to avoid shunts. Finally, in the case of SCs based on 
quantum dot absorbers, the distance between particles is critical as it should 
maintain an effective transport of separated charge carriers and at the same time 
preserve specific electronic states of quantum dots [55]. Currently, the 
maximal efficiency achieved by 3G SCs is 22.1% for perovskite SCs [53], 
whereas dye-sensitized solar cells (DSSCs) have a record efficiency of 
approximately 13% [56]. In general, DSSCs are based on nanostructured TiO2 
and a thin layer of dye. Quantum dot sensitized solar cell (QDSSC) is a variation 
of the DSSC design in which colloidal quantum dots are used instead of organic 
dyes [57]. 
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Fig. 1.1. A schematic illustration of nanostructured SCs with (a) ultra-thin nanocomposite 
absorber, (b) extremely thin absorber and (c) quantum dot absorber, where TCO is 
transparent conducting oxide [55] 

1.3. Solar cells based on Cd-chalcogenide compounds 

Cd-chalcogenide compounds have been also intensively applied in 3G SCs owing 
to their ease of fabrication, size-controlled tunable bandgap, and possible multiple 
exciton generation [58]. Core/shell quantum dots including CdSe, CdTe, and CdS 
were investigated by McElroy et al. [57], who found that the recombination rate 
is significantly more rapid for quantum dots with a CdSe core than with a CdTe 
core. The application of a CdS shell onto core-shell quantum dots promotes 
surface passivation and protection from corrosion. In addition, CdS reduces the 
charge injection from CdSe [57]. QDSSC fabricated with ternary 
CdS/CdSSe/CdSe quantum dots showed an efficiency of ~5.06% [59]. Xie et al. 
[60] developed an ITO/ZnO/CdSe/CdTe:CdSe/CdTe/Au device based on 
solution processed CdTe and CdSe nanocrystals with an efficiency of ~6.25%. 
The nanocomposite In/G3-CdS/p-InP/Au:Zn SC including CdS showed an 
efficiency of ~6.73% [61]. Cd-chalcogenide compounds have been applied 
in ETA SCs based on TiO2 and ZnO with recorded efficiencies of up to 3.16% 
[62–64]. Although the research is intensively running and makes them promising 
devices for future solar energy conversion, there is no absolute understanding on 
the effects and mechanisms taking place in 3G SCs. 
 In order to make 3G SCs more advantageous, inorganic acceptor materials are 
combined with organic donor materials e.g. conducting polymers (CPs). Such 
hybrid SC devices represent a combination of easy-to-process and relatively 
cheap CPs with high absorption coefficient and inorganic materials with higher 
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stability and size-dependent tunable optical and electrical properties [65]. 
Common n-type materials for such applications are nanoporous TiO2, and 
nanoparticles of ZnO, CdSe, CdS, PbS, and CuInS2, which generate an inorganic 
part of the device. Al2O3 and In2S3 are used as buffer layers in ETA SCs [66]. 
CPs and CP/fullerene mixtures are generally used as p-type materials. The most 
studied polymers are poly(3-hexylthiophene) (P3HT), poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS), and a blend 
of P3HT and (6,6)-phenyl C61 butyric acid methyl ester (PCBM) [66]. 

1.4. Electrodeposition in solar cell technology 

One of the most commonly used chemical methods for the preparation of hybrid 
SCs is ED owing to the variety of electrolyte solutions, conveniently low 
temperatures (< 100 °C), and possibility for large-scale production. ED has been 
applied for several components in SCs and for the fabrication of electrodeposited 
SCs. The most effective devices are thin film solar cells (TFSC) with efficiencies 
of up to 12% (Table 1.1) [14]. They are 2G SCs based on chalcogenide 
compounds and metal oxides. 3G SCs including electrodeposited layers show 
lower efficiencies of up to ~7%. On all-electrodeposited 3G SCs, there are very 
few reports [11–13]. 

Table 1.1. Efficiencies of SCs based on electrodeposited layers 

SC structure Type of 
SC 

ED layers η, 
% 

Ref. 

glass/FTO/ZnS/CdS/CdTe/Au TFSC ZnS, CdS, 
CdTe 

10.4 [15] 

glass/FTO/CdS/CdTe/Au TFSC CdS, CdTe 8.0 [15] 
glass/ITO/CdS/CdTe/PPy TFSC p-PPy  10.4 [10] 
glass/FTO/n-ZnS/n-CdTe/Au TFSC ZnS, CdTe 12.0 [14] 
glass/ FTO/ZnO/Cu2O/Au TFSC ZnO, Cu2O 1.43 [16] 
glass/FTO/PPy/MWCNT/back-contact DSSC PPy 7.15 [12] 
glass/FTO/TiO2/CdSe/ZnS/back-contact QDSSC CdSe quantum 

dots 
2.72 [11] 

glass/SnO2:F/ZnOsp/ZnOed/CdSe/ 
CuSCN/Au 

ETA SC n-ZnO, CdSe 2.3 [13] 

 One of the issues on electrodeposited SCs is the low value of the photocurrent. 
A higher value of photocurrent would result in an improvement of the PV 
parameters, namely, the open circuit voltage (Voc), fill factor (FF), and efficiency 
(η). Low values of PV parameters are caused by pinholes or voids in the layers 
(created during annealing) that act as shunts across the p-n junction [15]. Both 
Voc and short circuit current (Jsc) can be improved by an appropriate ED time so 
that a sufficiently thick layer can maintain its integrity. Pre-treatment may also 
lead to a higher and more stable Voc value and suppress interdiffusion at the 
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interface during the final annealing step [15,67]. Finally, synthesized layers 
should be protected against degradation during succeeding steps of the ED. 
 In QDSSCs, the Voc and FF are strongly influenced by recombination losses 
at the photoanode/electrolyte interface, which is indicated by a relatively large 
recombination resistance [68]; thus, pre-deposited layers should be protected 
during the succeeding ED steps. A large area of interface can increase the Jsc, as 
it increases the fraction of generated e--h+ pairs. It is generally observed that the 
diffusion length of minority charge carriers in an electrodeposited polycrystalline 
film is relatively short; hence, for a satisfactory performance, the photocurrent 
needs to be primarily generated in the space-charge region [69]. The issues of 
ETA SCs are connected with optimization of the absorber thickness and reduction 
of the high recombination losses due to the larger interface area. Moreover, ETA 
SCs suffer from more extreme voltage-dependent collection than planar cells, 
which is an evidence of a higher conductance at short circuit under an 
illumination than in the dark. 
 Alternatively, engineering of the nanostructures such as nanofibers or 
nanopillars could help to improve the charge collection for this type of SCs [62]. 

1.5. Introduction in electrodeposition 

The electrodeposition (ED) is a chemical method which is held by means of an 
electrolytic cell and is controlled by properties of the electrode (material, surface 
area, geometry, surface condition), mass transfer (mode, surface concentration, 
adsorption), solution (bulk concentration of electroactive species, concentration 
of other species, solvent), electrical (potential, current, quantity of electricity) and 
external (temperature, pressure, time) variables [71]. The ED can be applied for 
the synthesis of inorganic materials as oxides, semiconductors, metals and metal 
alloys as well as organic materials on the surface of a conducting electrode in an 
electrolyte solution (aqueous, non-aqueous, organic, inorganic, ionic liquids and 
fused salts) [70]. 
 According to the type of adsorbed species, the ED may be a faradaic or non-
faradaic process. The faradaic ED is governed by Faraday's law (i.e., the amount 
of chemical reaction caused by the flow of current is proportional to the amount 
of electricity passed). If this process occurs with specific adsorption of species at 
the electrode/solution interface causing changes of a potential and solution 
composition, it is called a non-faradaic process [71]. 
 When the system is set up and the electrode is immersed into a solution, a 
double-layer forms at the interface. The double layer is composed of a Helmholtz 
layer and a diffusion layer. The Helmholtz layer contains solvent molecules, and 
in the case of a non-faradaic process, specifically adsorbed ions or molecules. 
The location of the electrical centers of the specifically adsorbed species is 
called the inner Helmholtz plane, and location of the nearest solvated ions (non-
specifically adsorbed species) centers is called the outer Helmholtz plane [71]. 
The overall electrode reaction on the cathode is as follows: 
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Ox + ne- → Red                  (Eq. 1.1) 

 By this reaction, the dissolved oxidized species (Ox) are converted to a 
reduced form (Red). This reaction is generally influenced by the rate of mass 
transfer, e- transfer at the electrode surface, homogeneous or heterogeneous 
chemical reactions on the electrode surface before or after the e- transfer, and 
other surface reactions. 
 The electrolytic cell may contain two or three electrodes, although a working 
electrode (WE) is the place where the synthesis occurs. The relations of the cell 
potential to the standard potential and to the activities of the electroactive species 
are represented by the Nernst equation (Eq. 1.2). 
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ೃ

                 (Eq. 1.2) 

where E0 is the standard reduction potential, R is the universal gas constant equal 
to 8.314 J·K−1·mol−1, T is the temperature in Kelvin, F is the Faraday’s constant 
equal to 9.649 × 104 C·mol−1, and CO and CR are the concentrations of Ox and 
Red, respectively. 
 The reduction/oxidation potentials and reversibility of the process can be 
evaluated by cyclic voltammetry in a certain electrochemical system. Cyclic 
voltammetry is a type of a linear scan voltammetry carried out by switching the 
direction of the scan at specific time. A cyclic voltammogram allows analysis of 
the reduction and oxidation processes as a function of the current and potential. 
A cathodic slope characterizes a reduction reaction, while an anodic slope 
corresponds to an oxidation reaction. In the case of a reversible process, the 
cathodic and anodic peaks are symmetric [71]. 
 Potential–time or current–time transients obtained during ED provide direct 
and indirect data on the electrode processes. The shape of the transients provides 
information on polarization and incubation time for nucleation, and usually 
corresponds to a certain morphology of the synthesized film [42,71]. 
 In general, thin film growth is defined by the relative surface energies [72], 
and involves heterogeneous nucleation and growth including heterogeneous 
chemical reactions, adsorption, and desorption on the electrode surface [73]. In 
the early stages of film formation, highly mobile atomic clusters are distributed 
on the substrate (Fig. 1.2). A change in the Gibbs free energy (∆G) defines the 
initial size of nuclei. Surface defects such as edge and screw dislocations play a 
crucial role in the film formation, and serve as nucleation centers [74,75]. Their 
arrangement has an influence on the morphology, particularly on the early stages 
of growth. Island growth follows the nucleation stage until the coalesce stage 
resulting in a continuous film (Fig. 1.2). These stages correspond to the basic 
mechanisms of film formation, which are identified as the Volmer–Weber, 
Frank–van der Merwe and Stranski–Krastanow growth (Fig. 1.2) [73, p. 20]. 
Surface energy is a growth-defining parameter, while a change in the Gibbs free 
energy defines the nuclei size. 
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Fig. 1.2. Schematic representation of thin film growth mechanisms [73] 

1.6. Electrodeposition of Cd-chalcogenides 

A basic knowledge of electrochemistry and its application may help to understand 
the processes taking place during the ED of Cd-chalcogenide compounds [76]. 
Numerous research groups [77,78] have electrochemically synthesized Cd-
chalcogenide semiconductors in the form of thin films and self-assembled 
nanostructured films [9,23,79]. Nanostructures have attracted attention owing to 
their high surface to volume ratio, size-related effects, and size-controlled tunable 
properties [94]. 
 There are various modes (pulsed, potentiostatic, galvanostatic, cyclic 
voltammetry, and linear sweep ED) that allow the ED of chalcogenide thin films. 
In addition, deposition at certain frequencies helps to improve the composition of 
deposits. In the case when a direct ED of a metal chalcogenide (In2S3) is not 
possible, the metal is electroplated onto the substrate and further post-deposition 
chalcogenization (sulfurization) is applied to obtain the desired compound [77]. 
Another parameter influencing the deposition process is illumination, which 
increases the surface potential of the working electrode (WE), causing changes 
in the properties of the resulting film. The methods that have been reported 
comprise a cathodic co-reduction of a metal ion and a chalcogen oxyanion in an 
aqueous solution onto an inert substrate, cathodic deposition from a solvent 
containing metal ions and chalcogen in elemental form, or anodic oxidation of 
the metal in an aqueous electrolyte containing a chalcogenide [95]. Another 
possible solvent is ionic liquid, which possesses wide electrochemical stability 
windows, high chemical and thermal stability, and low volatility [95]. 
 Conventionally, ED is carried out in aqueous electrolytes, which can hinder 
the deposition of electropositive metals and metal chalcogenides whose reduction 
potential lies outside the electrochemical window of stability for water. The pH 
of the electrolyte solution plays a crucial role during the process. CdSe and CdTe 
have been deposited from both alkaline [34,85,86] and acidic [42,87,88] media. 
CdS is generally electrodeposited in the pH range from 2 to 4 [24,66,89]; 
however, alkaline solutions have been also used [90]. The drawback of the acidic 
pH is possible degradation of some templates or substrates [91, p. 380], whereas, 
previous studies on the effect of pH on ED showed that using acidic solutions 
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produces films with superior properties, e.g., better stoichiometry and adhesion 
and improved crystallinity [92,93]. An acidic pH for CdTe ED is determined by 
the solubility of Te at pH values less than 7 [90]. In the case of CdS, ED is a 
competitive method to the widely used chemical bath deposition, which allows 
thin film deposition from both alkaline as well as acidic media. 
 Besides the pH and temperature of electrolyte, the elemental composition, 
morphology, crystalline structure, and electrical properties of Cd-chalcogenide 
deposits may be controlled by using complexing agents such as trisodium citrate, 
ethylenediaminetetraacetic acid (EDTA), or tartaric acid in the solution, which 
shift the reduction potential [80–82]. Another chemical, selenous acid (H2SeO3), 
is used as a microadditive for ED of metals and metal alloys [83,84], as it shifts 
the reduction potential and influences the polarization of the electrode, affecting 
the current efficiency and energy consumption of the ED process. 
 As the ED from an aqueous acidic medium is more beneficial in terms of films 
quality, the mechanisms of CdTe, CdSe and CdS formation in this medium are 
discussed further in Sections 1.4.1, 1.4.2, and 1.4.3. 

1.6.1. Chemistry of CdTe electrodeposition 

According to the potential–pH diagram (Fig. 1.3), elemental Cd0 and Te0 can be 
obtained at the potential range from 0.1 V to −1.35 V. Equilibrium reactions 
marked in numbers in Fig. 1.3 are presented in Table 1.2 [96]. Considering the 
growth mechanism of CdTe, its formation is also probable at more negative 
potential values than −1.35 V at a pH lower than 2.8. Owing to the low solubility 
of TeO2, CdTe can be deposited at more positive potentials than the reduction 
potential (underpotential) of Cd [96]. Water-soluble Na2TeO3 is an alternative to 
weakly soluble TeO2 and can be used as a precursor of Te [97]. 
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Fig. 1.3. Potential vs. pH diagram for the CdTe-H2O system at 25 °C [96] 

Table 1.2. Reactions describing equilibrium reactions in Fig. 1.3 [96] 

Nr. Reaction 
1 CdTe + 2H+ + 2e- ↔ Cd +H2Te 
2 CdTe + H+ + 2e- ↔ Cd + HTe- 
3 CdTe + 2e- ↔ Cd + Te2- 
4 2 CdTe + 2e- ↔ 2Cd + Te2

2- 
5 CdTe ↔ Cd2+ + Te + 2e- 
6 CdTe ↔ Cd2+ + Te4+ + 6e- 
7 CdTe + 2H2O ↔ Cd2+ + TeO2 + 4H+ + 6e-

8 CdTe + 2H2O ↔ Cd2+ + HTeO2
+ + 3H+ + 6e-

9 CdTe + 3H2O ↔ Cd2+ + HTeO3
- + 5H+ + 6e-

10 CdTe + 3H2O ↔ Cd + TeO3
2- + 6H+ + 4e- 

11 CdTe + 5H2O ↔ Cd(OH)2 + TeO3
2- + 8H+ + 6e- 

12 CdTe + 5H2O ↔ HCdO2
- + TeO3

2- + 9H+ + 6e- 

 There are numerous reports on ED of CdTe in an aqueous acidic medium 
[41,42,97] onto various substrates, e.g., ITO [97], CdS [41,98], and n-type Si 
[42]. It was found that stoichiometric CdTe films can be deposited at higher 
concentration of Cd species and low concentration of Te species. Applied current 
densities during the ED process influence the conductivity of CdTe: at higher 
current densities, p-type CdTe can be deposited while n-type CdTe is obtained at 
lower current densities [88]. CdTe films electrodeposited at higher temperatures 
exhibit more crystalline structure [41]. According to Osial et al. [97], CdTe 
thin films can be electrodeposited in the potential range of −0.45 V to −0.65 V 
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(vs. saturated calomel electrode (SCE)) at the pH 2 on ITO/glass substrates. In 
this potential range, the formation of CdTe on ITO takes place according to the 
interaction between reduced Te0 (R 1.1) and Cd2+ cations (R 1.2), which is called 
Kröger reaction [44]. 

HTeO2
+ + 3H+ +4e-  Te0 + 2H2O     (E0 = 0.307 V, SCE) (R 1.1) 

Cd2+ + Te0 + 2e-  CdTe         (E0 = 0.128 V, SCE) (R 1.2) 

 When the potential value is more negative than −0.8 V, Cd2+ is reduced to 
metallic Cd (R 1.3) and may react with H2Te, reduced from Te0 (R 1.4), forming 
CdTe by the reaction (R 1.5) [99]. 

Cd2+ + 2e- ↔ Cd0          (E0 = −0.647 V, SCE) (R 1.3) 

Te0 + 2H+ + 2e-  H2Te        (E0 = −0.983 V, SCE) (R 1.4) 

Cd0 + H2Te  CdTe + 2H+ + 2e-            (R 1.5) 

There are also reports suggesting the formation of CdTe from reduced Cd0 and 
oxidized Te0 species (R. 1.6) on the surface of the WE [43]. 

Cd0 + Te0  CdTe                 (R 1.6) 

 The use of acidic solutions is determined by the low solubility of the TeO2 
precursor. The drawbacks of the ED of CdTe are high processing temperatures   
(> 80 °C) and the required CdCl2 post-deposition treatment at temperatures of 
~400 °C [100,101]. 

1.6.2. Chemistry of CdSe electrodeposition 

Fig. 1.4 shows the potential–pH diagrams for Cd−O−H (left) and Se−O−H 
(right) systems at standard conditions with 10-10 mol/kg total concentration of 
elements. Such a low concentration allows assuming the activity coefficient to be 
unity and prevents precipitation of the solid phases which hide the area of 
dominant aqueous species in the Eh–pH diagram [102]. As observed from 
Fig. 1.4, only the Cd2+ species, Cd(s) species, and a higher number of Se species 
are present in the acidic medium. For example, at pH values less than 4 HSeO4, 
SeO4

2-, H2SeO3 (aq), Se(s), H2Se (aq), and HSe- are present.  
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Fig. 1.4. (left) Potential–pH diagram of the system Cd-O-H (1); Ʃ Cd = 10−10, 298.15 K, 
105 Pa.; (right) potential–pH diagram of the system Se-O-H; Ʃ Se = 10−10, 298.15 K, 
105 Pa [102] 

 The diffusion-limited nature of the deposition of Se was indicated by steady-
state polarization characteristics of the acidic system for the ED of CdSe [90]. It 
was determined that addition of EDTA into the deposition bath forms complexes 
with impurities, decreasing the impurity content in the film [90, p. 217]. Skyllas-
Kazacos showed that addition of EDTA into aqueous cyanide solution causes a 
shift of Cd2+ ion reduction potential and promote formation of selenide ions, 
which are reduced from SeCN- at more negative potentials than Cd2+ [35]. When 
H2SeO3 is used as a Se precursor in addition to the reduction reaction (R 1.8), a 
subsequent chemical reaction (R 1.7) provides formation of more elemental Se 
[36,90]. 

H2SeO3 + 2H2Se  3Se0 + 3H2O            (R 1.7) 

 Studies on H2SeO3 reduction in an acidic medium showed that the reduction 
potential differs for various substrates, and Se reduction takes place when four 
electrons are involved in reaction (R 1.8) [36]. The process of the Se formation 
depends also on the diffusion rate and concentration of H2SeO3, if both reactions 
(R 1.7) and (R 1.8) occur. Se0 may be reduced further to H2Se (R 1.9). 

H2SeO3 + 4H+ + 4e-  Se0 + 3H2O     (E0 = 0.496 V, SCE) (R 1.8) 

Se0 + 2H+ + 2e-  H2Se        (E0 = −0.643 V, SCE) (R 1.9) 
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 A six-electron reaction takes place on “noble” electrodes. As H2Se reduces at 
more negative potential values than metal-selenide [36], the reaction of H2SeO3 
reduction is not reversible and Se (IV) cannot be oxidized to Se (VI) (R 1.10). 

H2SeO3 + 6H+ + 6e-  H2Se + 3H2O    (E0 = −0.326 V, SCE) (R 1.10) 

 There are several mechanisms proposed for the electrochemical formation of 
CdSe. Kazacos et al. proposed a CdSe formation through reaction (R 1.11) when 
Cd2+ precipitates to the WE at its high concentration in the working solution [36]. 
In this case, the process proceeds according to the following reaction: 

Cd2+ + Se0 + 2e- CdSe        (E0 = −0.549 V, SCE) (R 1.11) 

 Considering a six-electron reaction of the H2SeO3 reduction (R 1.9), CdSe 
formation occurs via reaction (R 1.12) as described by Kazacos et al. [36,95]. 

Cd2+ + H2Se  CdSe + 2H+              (R 1.12) 

 Overall, the formation mechanism of CdSe can be described as a complex 
process including chemical and electrochemical reactions where the main 
components are H2SeO3, Se0, H2Se, and Cd2+. 
 The as-electrodeposited CdSe films are amorphous or of poor crystallinity; 
thus, post-deposition thermal treatment is required to improve the film properties. 
Annealing temperatures over 300 °C transforms a polymorphic or cubic phase to 
a hexagonal one and increases the crystallite size [103]. It was also found that 
annealing influences interestingly the shape of the CdSe nanoparticles, 
converting the nanodots into nanorods at 450 °C in a N2 atmosphere [104]. 

1.6.3. Chemistry of CdS electrodeposition 

CdS has been electrodeposited by anodic [24,28], cathodic [24–26] and pulsed 
[23] ED methods from aqueous [24,26] and non-aqueous [28] solutions and ionic 
liquids [105]. 
 The ED of CdS from polysulfide solutions is the most widely used. The 
variation of the sulfur species depending on the pH of the aqueous solution and 
potential are shown in the metastable potential–pH diagram (Fig. 1.5). At pH 
values less than 7, polysulfide anions and H2S(aq) species exist at negative 
potential values. SO3

2-, S2O3
2-, HS-, and S2- species exist at pH values above 7. 
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Fig. 1.5. Metastable potential-pH (Eh-pH) diagram for sulfur [105] 

 According to Morris et al. [89], CdS is formed as a result of Cd2+ cation and 
elemental S0 reaction (R 1.13), while Dennison et al. [107] proposed that it takes 
place through Cd2+ and S2O3

2- reactions (R 1.14) and (R 1.15). The latter one is 
more favorable at a lower pH as it requires additional protons. This reaction 
(R 1.15) includes electrochemical reduction reactions of S2O3

2- (R 1.16) and Cd2+ 
(R 1.3).  

Cd2+ + S0 + 2e-  CdS        (E0 = −0.319 V, SCE) (R 1.13) 

Cd2+ + S2O3
2- + 2e-  CdS + SO3

2-     (E0 = −0.473 V, SCE) (R 1.14) 

2Cd2+ + S2O3
2- + 6H+ + 8e-  2CdS + 3H20  (E0 = −0.207 V, SCE) (R 1.15) 

S2O3
2- + 6H+ + 4e-  2S0 + 3H2O     (E0 = 0.221 V, SCE)  (R 1.16) 

 In addition, sulfur can be reduced to sulfide (R 1.17) as well as polysulfide can 
be reduced to polysulfide anions (R 1.18). 

S0 + 2e-  S2-           (E0 = −0.744 V, SCE) (R 1.17) 

nS0 + 2e-  Sn
2-                 (R 1.18) 

 In acidic media, S2O3
2- decomposes to S0 and SO3

2- (R 1.19) [107], but it is 
also reported that S2O3

2- disproportionates to S0 and SO2 [89]. These processes 
occur faster at a higher temperature of the electrolyte solution [107] and in a more 
acidic medium. Morris et al. showed [89] that an excess concentration of S2O3

2- 
in the electrolyte promotes faster film growth, whereas an increased precipitation 
of S will include secondary phases into the CdS film. 

S2O3
2-  S0 + SO3

2-                (R 1.19) 



26 

 A changing cathodic/anodic process may help to optimize the resulting CdS 
film by removing the Cd excess in Cd-rich parts of the film [89]. In the anodic 
process, a reaction of the Cd oxidation takes place following the left direction 
reaction of (R 1.3). 
 For the galvanostatic deposition technique, McCandles et al. [108] proposed 
a mechanism of the CdS formation (R 1.20) by including reactions (R 1.15) and 
(R 1.3). 

Cd0 + S0  CdS                 (R 1.20) 

 Tahakashi et al. [27] suggested that CdS forms on a Ti WE through the Cd2+ 
reaction with polysulfide (R 1.21) as a result of the S2O3

2- ion decomposition at 
pH values less than 4 (R 1.18). They also suggested that stoichiometric CdS films 
can be formed when the ratio of Cd2+ to S2O3

2- is less than 1. 

8Cd2+ + S8 + 16e-  8CdS               (R 1.21) 

 In the above mentioned process, elemental sulfur serves as a nucleus for 
crystal growth. Elemental sulfur can be specifically adsorbed and form a 
negatively charged sulfur colloid on the surface of the WE leading to favorable 
conditions for Cd2+ adsorption. The mechanism of CdS formation in a gelatin 
solution including polysulfides was suggested to proceed by the reactions 
(R 1.22–R 1.25) [27,109]. 

S8  S8(ads)         fast (specific adsorption)  (R 1.22) 

Cd2+ + S8(ads) + 2e-  CdS + S7(ads)  slow (rate determining step) (R 1.23) 

Cd2+ + S7(ads) + 2e-  CdS + S6(ads)  fast        (R 1.24) 

Cd2+ + Sn(ads) + 2e-  CdS + Sn-1(ads) fast        (R 1.25) 

 Nishino et al. [24] suggested another mechanism of CdS formation in an acidic 
aqueous electrolyte solution through H2S adsorbed on the surface of the WE 
formed by the reduction reaction of S0 (R 1.26). They deposited CdS films at 
room temperature (RT) in the presence of (NH4)2SO4, glycerol, and NaCl, in 
addition to CdSO4 and Na2S2O3. According to their suggestion, formed H2S 
(R 1.26) reacts with Cd2+ (R 1.27) producing CdS. Adsorbed H2S, which did not 
react, oxidizes back to S0 (R 1.28). 

S0 + 2H+ + 2e- ↔ H2S         (E0 = −0.103 V, SCE) (R 1.26) 

H2S + Cd2+  CdS + 2H+              (R 1.27) 

 Owing to the specific properties of S and higher number of chemical and 
electrochemical reactions, the mechanism of the ED of CdS appears to be more 
complicated than that of CdSe or CdTe. 
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 As in the case of CdSe, various studies report on the annealing of as-
electrodeposited CdS in the temperature range of 200–600 °C in air, N2, and H2 
atmospheres [110–112,15]. An increase in the annealing temperature leads to an 
improvement in crystallinity; however, at 500 °C Cd–S bonds start to break and 
the sulfur atoms evaporate from the CdS film [110]. Such a loss of stoichiometry 
and increased population of S vacancies reduce the lattice constant [111]. Fatas 
et al. [111] detected a mixed-phase transition into a hexagonal structure starting 
from 300 °C as well as recrystallization, agglomeration, and increase in grain 
size. Air annealing promotes formation of CdO, while no oxides are formed in a 
H2 atmosphere at 400 °C [112]. Removal of oxides from grain boundaries can 
have a negative effect leading to the formation of shortcuts through the CdS film. 
Thus, the presence of an appropriate concentration of CdO is considered 
beneficial as it creates a barrier to subsequent interdiffusion between CdS and 
other layers in a device [112]. 

1.7. Properties and synthesis of conducting polymers 

Conducting polymers (CP) have received much attention as their electrical and 
electrochemical properties are similar to both traditional semiconductors and 
metals. CPs have mild synthesis conditions, tunable conductivity, and structural 
flexibility and can be synthesized by solution-based methods as spin-casting 
[113], drop-casting [114] and electrodeposition [115–120]. The conductivity of 
CPs can be improved by incorporation of small concentrations of dopants into the 
polymer network [121], however the doping mechanism is completely 
different to that of inorganic materials. Conductivity of CPs is in range of 10-10 to 
10-5 S·cm-1 [122], but it can be increased by doping. Electrochemical oxidation 
(p-doping) or reduction (n-doping) allows synthesis of polymers with 
conductivity varying from 1 to 105 S·cm-1 depending on the doping concentration 
[122]. The conductivity of the CPs also increases with increasing temperature, 
however at high doping levels this dependence becomes weaker [123]. The redox 
processes of the CPs are stable and reversible, however at high potentials and 
overoxidation conditions a rapid structural degradation and loss of electroactivity 
(irreversible oxidation) take place in the CP [123]. 

1.7.1. Electrodeposition of polypyrrole 

One of the CPs is the electroactive polypyrrole (PPy) [71, p. 585]. PPy can be 
electrodeposited by cyclic voltammetry [115,116], galvanostatically [115,117], 
and potetiostatically [118,116] from aqueous [116] and non-aqueous [115] 
solutions. Doping occurs during electropolymerization of pyrrole (Py) by the 
incorporation of anions, which modify electrochemical activity of the polymer 
[125]. As dopants, unsaturated organic sulfonates [119], heteropolyanions [120] 
are usually used. The microstructure of a resulting polymer film is dependent on 
the size of incorporated anions as they induce pores formation [115]. Beleen et al. 
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[124] showed that a PPy membrane has a memory effect, and it may extract and 
a preconcentrate hydrophobic organic anion from an aqueous phase. 
 PPy chains are planar and linear; however, structural and conformational 
defects can appear during the polymerization process [121]. Py oxidizes at the 
potential values equal or more positive than 0.6 V vs. SCE, while the active films 
can be electrodeposited in the range of 0.65 to 0.8 V vs. SCE. Too high potentials 
are harmful to polymers as nucleophilic attack of water or anions may lead to loss 
of conjugation or opening of Py rings [118]. When Py oxidizes on the surface of 
the WE, a release of protons causes acidification of the solution area close to the 
anode [118] influencing negatively the electrical properties of the PPy films. 
 In case of pores or nanostructures, the ED of CPs with assistance of light is 
more beneficial as it allows deposition only on the exposed photoactivated 
semiconductor surface at lower potential values and lower current density (J), 
which is preferable in terms of higher level of polymer crystallinity and 
conjugation [125,126]. Photoelectrochemical (PEC) polymerization occurs at the 
irradiated SC/electrolyte interface. When light is incident on the semiconductor 
electrode, electrons from the valence band are promoted to the conduction band. 
These electrons are drained into the external circuit by the applied external bias 
potential, while the photogenerated h+ react with species in the solution (solvent, 
electrolyte anion, or monomer) [127]. 
 It was shown that a UV light illumination improves the ED process of PPy. 
A higher concentration of Py in the solution results in thicker PPy films [128]. 
PPy films have been also deposited onto CdTe. The most efficient SCs were 
obtained with PPy films deposited at 0.5 V and 0.6 V vs. SCE under Xe lamp 
illumination [129]. 
 After synthesis, CPs are annealed at temperatures lower than those of 
inorganic materials [130–132]. Annealing causes restructuring of polymers and 
weight loss due to evaporation of residual solvent [130,131]. With increasing 
annealing time voids and pores may appear and hinder the path of conducting 
channels causing a decrease of conductivity [130]. At 150 °C in dry air PPy film 
dehydrates and its glass transition takes place [132]. Saxena et al. [133] also 
showed that a 4 h annealing at 200 °C decreases the Eg from 2.64 eV to 2.30 eV. 
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1.8. Summary of the literature overview and aim of the study 

The studies reported in the literature on the electrodeposition of Cd-chalcogenide 
films and solar cells based on electrodeposited films can be summarized as 
follows: 

1. Binary Cd-chalcogenides are II-VI semiconductors represented by CdX, 
where X is S, Se or Te. These compounds exhibit photosensitivity and 
cubic and hexagonal crystalline structure. CdSe and CdTe exhibit both 
n- and p-type conductivity, while CdS is an n-type semiconductor. Due 
to optical and electrical properties, these binary compounds are suitable 
materials for the photovoltaic applications and can be synthesized by 
both, physical and chemical methods including the electrodeposition. 

2. CdS, CdSe and CdTe have been applied in the third-generation solar cell 
technology as quantum dot sensitized solar cell, dye sensitized solar cell 
and extremely thin absorber solar cell. Due to quantum confinement 
effect taking place at a nano-scale size a small amount of material is 
capable to absorb light efficiently. The higher interface area helps to 
increase the short circuit current by increasing the fraction of the 
generated e--h+ pairs, however recombination losses may affect the 
photovoltaic properties dramatically. 

3. One of the most suitable solution-processing methods for their synthesis 
of Cd-chalcogenides is the electrodeposition. The electrodeposition of 
Cd-chalcogenides allows synthesizing compounds with various 
conductivities depending on the experimental conditions. 

4. Stoichiometric and crystalline Cd-chalcogenides can be electrodeposited 
from the acidic medium, nevertheless the post-deposition thermal 
treatment is needed for gaining higher films quality. CdSe and CdS can 
form self-assembled nanostructures during the electrodeposition process. 

5. Due to the complexity of the electrochemical systems the reduction of 
Cd-chalcogenides is described differently, however there is a common 
mechanism in the acidic medium represented as Cd2+ + X0 + 2e-  CdX. 
The most complex mechanism takes place during the electrodeposition 
of CdS, due to the S2O3

2- ion disproportionation reaction and S property 
to form polysulfides. CdS and CdTe are usually deposited at temperatures 
over 80 °C. 

6. Conducting polymers are suitable materials for the photovoltaic 
applications. Electrical properties of the polymers can be tuned by the 
type and concentration of a dopant or applied potential during the 
electrodeposition (ED) process. The ED performed with assistance of 
light is more suitable for the monomer oxidation on porous or 
nanostructured electrodes as polymerization occurs only on 
photoactivated area. In addition, assistance of light promotes the 
formation of a polymer with higher level of crystallinity and conjugation. 
The post-deposition thermal treatment should be applied for the 
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evaporation of a residual solvent from the polymer, and for its 
restructuration. 

7. Currently electrodeposited solar cells fabricated with thin film solar cell 
architecture show the maximal efficiency of 12%. There are very few 
reports on the fabrication of all-electrodeposited third-generation 
chalcogenide based solar cell. 

On the basis of studies made on the electrodeposition of the Cd-chalcogenide and 
polymer films and from an application point of view, the aim of the doctoral thesis 
was set. The aim is to study the electrochemical formation of thin films of CdS at 
temperature lower than 80 °C, and of nanostructured CdSe films from acidic 
aqueous media, with a purpose of these films application as a matrix for 
electrodeposited nanostructured (glass/ITO/CdS/CdSe/PPy/graphite) solar cell. 

In order to reach the aim following tasks were set: 

1. to study the electrodeposition of stoichiometric Cd-chalcogenide films; 
2. to study the electrochemical formation mechanisms of nanostructured 

CdSe and nanocrystalline CdS films; 
3. to synthesize stoichiometric CdS films in the presence of microadditives 

at deposition temperature lower than 80 °C; 
4. to study the effect of thermal treatments of electrodeposited 

nanostructured and nanocrystalline Cd-chalcogenide films on structural, 
morphological, optical and electrical properties; 

5. to use annealed nanostructured CdSe films as a matrix for nanostructured 
hybrid SC fabrication with implementation of p-type CdTe layer or CdS 
buffer layer, and to characterize the photovoltaic parameters of obtained 
nanostructured hybrid SCs.  
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2. EXPERIMENTAL 

This section gives an overview of the experimental details of the processes 
discussed in the current thesis. Section 2.1 describes methods, electrolytes and 
ED conditions for the synthesis of CdSe, CdS, and CdTe. Following treatment of 
the films are also discussed. Section 2.2 describes characterization techniques 
applied in this study. In section 2.3, fabrication of CPs for the formation of hybrid 
SCs based on electrodeposited Cd-chalcogenide films and following 
characterization are described. More details on the experimental part can be found 
in the publications [I–VI]. 

2.1. Electrochemical deposition and thermal treatment of CdSe, CdS 
and CdTe films 

All electrochemical experiments were held in a standard three-electrode 
electrolytic cell using potentiostat/galvanostat Voltalab PGZ100 (Software 
Voltamaster 4) on commercially available ITO/glass substrates. These substrates 
were used as working electrodes (WEs). Mercury-mercurous sulfate 
(Hg/Hg2SO4/SO4

2-), silver/silver chloride (Ag/AgCl) or saturated calomel (SCE, 
Hg/Hg2Cl2/Cl-) electrodes were used as a reference electrode (RE) and Pt-wire or 
-plate was used as a counter electrode. The ITO/glass substrates were cleaned in 
concentrated sulphuric acid for 1 hour at room temperature (RT) (21 ± 1 °C) prior 
the electrodeposition (ED). In order to determine the reduction/oxidation 
potentials of the compounds all the EC systems were studied by the cyclic 
voltammetry in acidic media at the scan rate of 20 mV·s-1. After the ED procedure 
the electrodeposited films were rinsed with deionised water and dried in air flow. 
 CdSe was electrodeposited at cathodic potential onto ITO/glass or 
CdS/ITO/glass at RT from aqueous solutions in the pH range 2–2.5, adjusted with 
HCl [I–III]. Details on composition of aqueous electrolyte solutions for the ED 
of CdSe are represented in Table 2.1. In all the studies [I–III] CdCl2 was used as 
a precursor of Cd and H2SeO3 as a precursor of Se. ED time varied from 
3.5 to 25 min in order to tune the thickness and/or to obtain a film with desired 
structure. The deposition potential value of –0.7 V (Ag/AgCl) was found 
experimentally as the most appropriate value for the ED of stoichiometric CdSe 
films. 
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Table 2.1. Solutions composition for ED of CdSe [I–III] 

Solution Concentration in ED solution (mol/l) Cd:Se ratio 
CdCl2 H2SeO3 

S1 0.01 2.5 × 10-4 40:1 
S2 5 × 10-4 20:1 
S3 10-3 10:1 
S4 3 × 10-3 10:3 
S5 10-2 1:1 
S6 0.025 2.5 × 10-4 100:1 
A 5 × 10-4 50:1 
B 10-3 25:1 
C 5 × 10-3 5:1 
D 10-2 5:2 

S11 0.1 2.5 × 10-4 400:1 
S12 5 × 10-4 200:1 
S13 10-3 100:1 
S14 3 × 10-3 100:3 
S15 10-2 10:1 

 The ED of CdS films was performed on ITO/glass WEs at 21, 50, and 80 °C, 
the pH values of 2.5, 3.5, and 4.5 adjusted with HCl [IV,V]. 
The applied potential value was chosen based on the cyclic voltammetry study as 
–1.2 V vs. Hg/Hg2SO4/SO4

2- (–0.8 V vs. SCE). To the initial solution labeled as 
B1 various micromolar concentrations of H2SeO3 were added. Compositions of 
the aqueous electrolyte solutions are presented in Table 2.2. 

Table 2.2. Solutions composition for CdS ED [IV–V] 

  

 

 

 

 

 CdTe films were synthesized by photo-assisted ED on the annealed 
CdSe/ITO/glass WE, which was illuminated from the glass side with a 
lamp (100 mW·cm-2). The photo-assisted ED was performed potentiostatically at 
–0.6 V (SCE) for 0.5 h at RT in an aqueous solution of H2TeO3 and CdCl2 
with concentrations of 10-3 M and 0.05 M, respectively. The pH was adjusted 
with HCl to the value of 1.8. 

Solution Concentration in ED solution (mol/l) 

CdCl2 Edta-Na2 Na2S2O3 H2SeO3 

B1 0.01  0.02  0.05  – 
B2 0.01  0.02 0.05 10-5 
B3 0.01  0.02 0.05 5 × 10-5 
B4 0.01  0.02 0.05 10-4 
B5 0.01  0.02 0.05 5 × 10-4 
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 As-electrodeposited films were thermally treated. CdSe nanohorn films were 
annealed in air at 200 °C for 1 h [II] and CdSe nanofibrous films at 250, 350, and 
410 °C for 0.5 h [III]. Electrodeposited CdS films were annealed in vacuum in a 
closed quartz tube  at 120 °C for 1 h [V]. Obtained CdTe/CdSe/ITO/glass 
structures were secondary annealed in air at 200 °C for 0.5 h. Detailed description 
of annealing of Cd-chalcogenide films is reported in papers [II, III, V, VI]. 

2.2. Characterization of CdSe, CdS, CdTe films 

Morphology, coverage and grain size of the obtained films and structures were 
studied by the high-resolution scanning electron microscopy (HR-SEM). In order 
to determine the chemical composition of the deposits, an energy dispersive X-
ray analysis (EDX) was carried out by using a microscope Zeiss ULTRA 55 
encoupled with a system of Røntex. In case of the CdS thin films a minimal 
acceptable accelerating voltage of 7 kV was used. For determination of the 
presence of Se in the CdS films an accelerating voltage of 4 kV was used. 
Quantification of the EDX results was performed by the help of interactive PB-
ZAF standardless method. The surface topography of the prepared CdS thin films, 
surface roughness and average grain size were investigated by atomic force 
microscopy (AFM) using a Bruker Multimode 8.0 instrument with application 
module based on Nanoscope V controller). 
 The phase composition, crystallographic properties of the films were 
determined by X-ray diffraction analysis (XRD) and Raman spectroscopy using 
Bruker AXSD 5005 diffractometer with CuKa radiation and a Horiba LabRam 
HR spectrometer, respectively. The average crystallite size was calculated from 
the full width at half maximum (FWHM) intensity of the preferred XRD peak 
using the Scherrer equation (2.1), where D is the average crystallite size, K is the 
constant related to crystallite shape (normally taken as 0.9), λ is the X-ray 
wavelength, β is the FWHM, and θ is the angle of the diffraction. 

D = (K·λ) /(β·cosθ)                (Eq. 2.1) 

 The optical spectra were measured with the SHIMADZU UV-1800 UV-Vis 
spectrophotometer. The optical transmission and reflection data were used to 
determine the absorption coefficient of the films. Based on Tauc’s relation (2.2), 
the Eg values were estimated by extrapolating the linear portion of (αhν)2 to zero 
absorption at a hν axis. 

hν = A(hν−Eg)r                  (Eq. 2.2) 

hν is the photon energy in electronvolts (eV), A is the absorption coefficient, 
given by log(T/d) (here d is film thickness in µm and T is transmission), and the 
exponent r denotes nature of the transition (r = ½ for allowed direct transition). 
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2.3. Fabrication and characterization of hybrid solar cells 

In order to fabricate hybrid SCs, CPs were deposited by spin-casting or by photo-
assisted ED onto electrodeposited inorganic CdSe/ITO/glass, 
CdTe/CdSe/ITO/glass, and CdSe/CdS/ITO/glass structures. 
 Thin films of P3OT doped with PCBM were deposited by double-speed spin-
casting technique (first rotating speed of 800 rpm; second rotating speed of 
3000 rpm). The mass concentration of P3OT and PCBM dissolved in 
chlorobenzene was 1.5%. The working solution was prepared using a Vortex 
Genie 2 shaker for 24 h with subsequent treatment in a VWR Ultrasonic bath for 
2 h. Hybrid structures with spin-cast CP layers were annealed in an argon 
atmosphere at 150 °C for 10 min in an Omni Lab glovebox. 
 PPy was electrodeposited on the CdSe/CdS/ITO/glass structure under a xenon 
lamp illumination from the aqueous solution containing Py and NaNSA in 
concentrations of 0.3 M and 0.1 M, respectively. Cyclic voltammetry was 
performed prior to the ED in order to determine the potential of 
additional oxidation (Fig. 2.1). The ED was accomplished at an anodic potential 
0.2 V vs. SCE in 10, 20, and 60 min. After ED, the obtained hybrid structure was 
rinsed with deionized water and dried under a nitrogen flow. 

 

Fig. 2.1. Cyclic voltammograms in Py:NaNSA ([Py] = 0.3 M, [NaNSA] = 0.1 M) solution 
on annealed nanostructured CdSe/CdS/ITO/glass electrode 

 Finally, back-contacts were painted with a graphite suspension from Alfa 
Aesar on the top of the CP layer and dried at 60 °C for 10 min. The PV parameters 
of the hybrid structures were obtained from current–voltage (J–V) measurements 
under a calibrated tungsten-halogen lamp with an intensity of 100 mW·cm-2. 
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3. RESULTS AND DISCUSSION 

Sections 3.1, 3.2, and 3.3 represent studies of ED and characterization of CdSe 
and CdS thin films. Taking into account the advantages of the ED in the acidic 
medium, all CdSe, CdS and CdTe films discussed in this work were 
electrodeposited in acidic aqueous electrolyte solutions. Section 3.4 discusses 
preparation of multilayer structures and fabrication as well as characterization of 
hybrid SCs. Results have been published in the papers [I–VI]. 

3.1. Electrodeposition of CdSe 

The electrochemical formation of CdSe is controlled by the diffusion of Se-
containing species such as H2SeO3, HSeO4

-, and HSeO3
- (Fig. 1.4) towards the 

cathode/electrolyte interface and by the speed of the reduction of species at the 
surface of the WE. Neutral H2SeO3 species are present in the solution at pH values 
lower than 2.4 and they reduce rapidly at the surface of the cathode. With increase 
in pH, negatively charged HSeO3

- species become prevalent and the speed of the 
reduction process decreases. First, Se nuclei form at the WE by the reduction of 
H2SeO3 (R 1.8), which is further reduced to H2Se (R 1.9). Then the formation of 
CdSe takes place preferably by the reaction of Cd2+ with adsorbed H2Se (R 1.12) 
at the surface of the cathode when the Cd2+ ions content is sufficient. CdSe can 
be deposited at potential values more negative than that of the reduction of Se0 
(0.496 V, SCE) and more positive than that of the reduction of metallic Cd. Se0 
species define the nucleation stages, while H2Se species define the formation of 
CdSe. 
 In order to optimize the electrochemical conditions for the growth of 
stoichiometric CdSe films, the concentrations of the reactants in the deposition 
solution were varied. The dependence of the composition of deposited films on 
the concentrations of the precursors is shown in Fig. 3.1. No dependence of 
composition of electrodeposited CdSe films on low concentrations of H2SeO3 
(0.025 M and 5 × 10-4 M) nor CdCl2 was observed. We suppose that with an 
excess of Cd species the formation of CdSe at the surface of the WE is determined 
by the rate of H2SeO3 reduction to Se0 (R 1.8) and by the rate of Se0 reduction to 
H2Se (R 1.9). The reaction of Se0 formation (R 1.8) is determined mostly by the 
diffusion of H2SeO3 towards the cathode, while its reduction to H2Se (R 1.9) is 
determined by the applied potential value. When there is no excess Se in the 
deposits, reaction (R 1.9) takes place at a higher rate than reaction (R 1.8). 
However, an increase in the concentration values of H2SeO3 equal to or greater 
than 0.01 M in the solution causes deposition of Se-rich films. The excess Se 
increases at low concentrations of CdCl2. At the concentration of CdCl2 greater 
than 0.025 M, the Se to Cd ratio in the deposits does not exceed 2. 
This observation confirms the importance of exceeding the concentration of Cd 
species for a more stoichiometric ED of CdSe films. At the above-mentioned 
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conditions (Fig. 3.1), the maximal concentration of H2SeO3 for the ED of 
stoichiometric films appears to be 10-3 M. 

 

Fig. 3.1. Composition of CdSe films deposited for 15 min vs. various concentrations of 
H2SeO3 in solutions where [CdCl2] was (a) 0.01 M, (b) 0.025 M and (c) 0.1 M 
(Fig. 1 from [I]) 

3.1.1. Morphological study of electrodeposited CdSe thin films 

The morphology of CdSe films electrodeposited at a high concentration of CdCl2 
(0.1 M) and various concentrations of H2SeO3 in the solution changes from 
uniform films to those covered with crystals (Fig. 3.2). CdSe thin films deposited 
at –0.7 V (Ag/AgCl) at an excess of Cd species and 5 × 10-4 M H2SeO3 are 
compact with plate-like grains having a size of ~20 nm that form a thin film with 
a thickness of 100–120 nm. With the increase in the concentration of H2SeO3 of 
up to 10-3 M, round shape particles and multi-rod crystals form on the top of the 
polycrystalline film (Fig. 3.2(b)). The round shape particles contain ~70 at.% of 
Se [I], and their formation could be attributed to the H2SeO3 reduction reaction 
with formation of elemental Se (R 1.8). When the concentration of H2SeO3 is 
increased up to 3 × 10-3 M, films covered with Se-rich crystals form (Fig. 3.2(c)). 
It occurs when the rate of deposition of Se (R 1.8) exceeds the rate of reduction 
of Se (R 1.9). 
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Fig. 3.2. SEM images of CdSe films deposited for 15 min from solutions containing 0.1 M 
CdCl2 and different concentrations of H2SeO3 (a) 5 × 10-4 M, (b) 10-3 M, (c) 3 × 10-3 M 
(A modified version of Fig. 3 from [I]) 

 Films electrodeposited from solutions with lower concentrations of CdCl2, 
that is, 0.025 M and 0.01 M, are slightly Se-rich and show less crystalline 
morphology (Fig. 3.3). However, CdSe films electrodeposited from a solution 
with the concentration of CdCl2 of 0.025 M with various concentrations of 
H2SeO3 are uniform without any large particles or crystals on the surface. The 
most uniform film is obtained at the lowest H2SeO3 concentration. When the 
concentration of CdCl2 is decreased to 0.01 M, all the films exhibit a 
polycrystalline film structure covered with large grains. With an increase of the 
H2SeO3 concentration in the solution, Se-rich round-shaped particles have a 
tendency to grow into islands. The size and density of the Se-rich particles depend 
on the concentration of precursors in the electrolyte solution. 

 

Fig. 3.3. SEM images of CdSe films electrodeposited for 15 min from solutions with 
0.025 M [CdCl2] and [H2SeO3] of (a) 5 × 10-4 M, (b) 10-3 M and (c) 5 × 10-3 M; 
and from solutions with 0.01 M [CdCl2] and [H2SeO3] of (d) 2.5 × 10-4 M, (e) 5 × 10-4 M, 
(f) 10-3 M (A modified version of Fig. 5 and Fig. 6 from [I]) 
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 XRD patterns of the as-electrodeposited CdSe thin films (Fig. 3.4) obtained 
from a solution with 0.1 M concentration of CdCl2 shown an improvement of the 
crystallinity with increasing H2SeO3 concentrations in the electrolytic bath. The 
film obtained from the solution containing 10-3 M H2SeO3 is exhibiting (002), 
(101), and (110) planes corresponding to the hexagonal structure [134]. With the 
increase in H2SeO3 concentration in the ED solution, additional (100) and (110) 
planes are observed and attributed to the hexagonal structure [134]. The (110) 
plane at 41.74° can be also attributed to the hexagonal Se [135], which may form 
in the solution when the concentration of H2SeO3 is high enough (0.01 M and 
0.02 M) and the rate of Se reduction (R 1.9) is suppressed by the exceeding rate 
of H2SeO3 reduction reaction (R 1.8). At the highest concentration of H2SeO3, 
one can observe a shift of the (111) peak from 25.65° towards 25.47°, which is a 
position that corresponds to the cubic structure of CdSe [136]. This shift may be 
caused by the formation of Se-rich crystals on the film surface as depicted by the 
SEM analysis (Fig. 3.2). 

 

Fig. 3.4. XRD patterns of CdSe films electrodeposited on ITO/glass for 15 min from 
solution of 0.1 M CdCl2 and various concentrations of H2SeO3 (A modified version of 
Fig. 4 from [I]) 

 Low concentrations of H2SeO3 at excess Cd2+ allow the growth of CdSe films 
with better uniformity but poor crystallinity. Increasing the concentration of 
H2SeO3 promotes the formation of Se-rich particles and crystals on the top of the 
electrodeposited CdSe layer. Films grown at high concentrations of H2SeO3 have 
improved crystallinity, but also exhibit a secondary phase of Se. At low 
concentrations of H2SeO3 in the solution, we observed the precondition for the 
formation of a 3D structure of CdSe. 
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3.2. Electrodeposition of nanostructured CdSe films 

Further study shows the stages of formation of nanostructured CdSe films. During 
the first minutes of ED, a uniform film grows with clearly distinguishable grains 
having a diameter of up to 50 nm (Fig. 3.5). The secondary electron imaging 
method identified these particles as Se clusters. After 15 min of ED, the top of 
the CdSe film is covered with islands, which can be defined as 3D nucleation 
clusters. Finally, the longest ED time (25 min) shows the formation of a 
nanofibrous structure (Fig. 3.5(d)). 

 

Fig. 3.5. SEM images of CdSe films deposited for (a) 7 min, (b) 10 min, (c) 15 min 
and (d) 25 min at -0.7 V (Ag/AgCl) from solution C ([CdCl2] = 0.025 M, 
[H2SeO3] = 5 × 10-3 M) (Fig. 7 from [I]) 

 To better understand the growth of CdSe film we analyzed the ED transients 
(Fig. 3.6). The first sharp drop in the initial current density (J) is charging of the 
formed double layer. Following the rapid decrease of J is an induction time 
corresponding to the period of the formation of nucleation centers [137]. The 
deposition transient obtained in solution A with 5 × 10-4 M concentration of 
H2SeO3 (Table 2.1) shows a different behavior from the other curve. This 
indicates a steep growth of a continuous and uniform thin film that may 
correspond to a morphology similar to that shown in Fig. 3.3(a). The shape of the 
transient obtained during ED in solution C ([H2SeO3] = 5 × 10-3 M) with a 
precursor ratio of (Cd:Se) 5:1 indicates the formation of a film with a highly 
developed surface area [138]. After 600 s of ED, the observed increase in J may 
correlate with the transition of Se clusters from 2D to 3D. The final decrease in J 
indicates the formation of nanostructures on the surface of the CdSe film as 
shown in Fig. 3.5(d). 
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Fig. 3.6. Current density vs time transients of ED of CdSe onto ITO/glass at –0.7 V 
(Ag/AgCl), RT, pH 2.5 and at 5 × 10-4 M [H2SeO3] (solution A) and 5 × 10-3 M [H2SeO3] 
(solution C) (A modified version of Fig. 3 [II]) 

 According to the analysis of the formation mechanism of CdSe thin films and 
of the deposition transients (Fig. 3.6) that correspond to the morphological study 
(Fig. 3.5) we propose a formation mechanism of self-assembled nanostructured 
CdSe films (Fig. 3.7). First, Se0 species deposit on the WE and serve as the 
primary nucleation centers. The nucleation process is followed by the formation 
of CdSe by reaction R 1.12: Cd2+ + H2Se  CdSe + 2H+. If there is no excess of 
Se species in the solution, a thin film forms (Fig. 3.7(c)). At higher concentrations 
of Se species in the solution, a secondary nucleation takes place on the underlying 
CdSe thin film (Fig. 3.7(d/g)). The excess of Se0 species in the solution and strong 
affinity of Se atoms to each other promote the formation of Se-rich particles. This 
stage of CdSe film growth is characterized by the secondary nucleation, which is 
required for the growth of nanostructures. The size and distance between these 
secondary Se nuclei depend on the rate of the Se0 reduction. The formation of 
CdSe nanostructures is characterized by an anisotropic asymmetric growth, and 
this process is defined by surface unsaturation and valence e- counts [139]. 
 The formation of core/shell Se/CdSe nanohorns (Fig. 3.7(d–f)) from Se 
islands is determined by the larger diameter of Se nuclei and by Se-terminated 
facets. On the other hand, the formation of nanohorns is characterized by a radial 
growth occurring when species diffuse and incorporate on the sidewalls. The 
initial diameter of a nanohorn is determined by the diameter of a Se nucleus and 
decreases in the vertical direction during the ED process. The nanofibrous CdSe 
structure forms owing to the general reaction R 1.12 on the top of the growing 
fibers. The growth of the nanofibers (Fig. 3.7(g–i)) is defined by the small 
diameter of Se nuclei, which determines the top growth. 
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Fig. 3.7. Schematic representation of self-assembled growth of nanostructured CdSe films 
with (a) nucleation, (b) CdSe islands growth, (c) CdSe underlying film growth, (d, g) Se 
islands growth on CdSe, (e) starting growth of nanohorns (f) nanohorn growth, (h) starting 
growth of nanofibers, (i) nanofibers growth (A modified version of Fig. 5 from [I]) 

 As the growth of thin and nanostructured films differs from each other, ED 
transients can be used in order to predict the morphology of the deposits. In the 
case of the CdSe nanostructured growth, Se-rich particles serve as nuclei. Their 
size as well as surface properties define the resulting morphology. 
 According to the SEM study, the structures of CdSe films electrodeposited 
from aqueous solutions with 0.025 M concentration of CdCl2 vary from 
polycrystalline thin films to nanostructured thin films (Fig. 3.8). When the 
concentration of H2SeO3 in the solution is 10-3 M (solution B), the film grows 
with conical CdSe nanohorns on the top (Fig. 3.8) with a diameter of ~200 nm at 
the base and 30 nm on the top. The length of nanohorns varies in the range of 
300–600 nm. The electrodeposited CdSe films from solutions C and D with 
concentrations of 5 × 10-3 M and 0.01 M of H2SeO3, respectively, are covered 
with nanofibers with diameters varying in the range of 40–85 nm (Fig. 3.8). The 
film deposited in solution C has few aligned nanofibers and nanohorns. At a 
potential of –0.7 V (Ag/AgCl), high concentrations of Se and Cd species are 
necessary for the CdSe fiber shell arrangement. 
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Fig. 3.8. SEM images of as-deposited CdSe films obtained at -0.7 V (Ag/AgCl) from B, 
C and D solutions at pH 2.5 for 20 min; all solutions contain 0.025 M [CdCl2] and various 
[H2SeO3] equal to 10-3 M (solution B), 5 × 10-3 M (solution C), 0.01 M (solution D) 
(A modified version of Fig. 1 from [I]) 

3.2.1. Annealing on nanostructured CdSe films 

The drawbacks of as-electrodeposited films are their poor crystallinity (Fig. 3.11) 
and mixed-phase structure, which can be improved by annealing. During the 
annealing process, recrystallization may cause sintering of the nanofibers, which 
should be avoided. Annealing of CdSe nanofibrous films in air may also improve 
the electrical properties by chemisorption of oxygen at the intergrain boundaries 
[140]. 
 Annealing of nanohorn-structured CdSe films at 200 °C caused the 
evaporation of excess Se, transforming them into 100 nm thick hollow conical 
tubes (Fig. 3.9). Based on this phenomenon, we deduced that the as-
electrodeposited nanohorn structure is composed of a Se core and CdSe shell, 
which is in accordance with the proposed self-assembling mechanism of CdSe 
nanostructured films (Fig. 3.7). 

 

Fig. 3.9. SEM images of electrodeposited nanohorn CdSe film annealed at 200 °C for 1 h 

 CdSe films annealed at 250 °C show nanofibers with features similar to the 
as-deposited ones, but with smaller diameters in the range of 15–20 nm 
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(Fig. 3.10). The temperature of 250 °C assures the evaporation of excess Se but 
it is not sufficient for agglomeration of CdSe nanofibers. At temperatures equal 
to or greater than 350 °C agglomeration occurs. At 350 °C, CdSe fibers transform 
to a necklace-type structure accompanied by partial sintering of the nanofibers. 
Annealing at 410 °C causes more intensive agglomeration resulting in 
disappearance of the nanostructure. 

 

Fig. 3.10. CdSe films (solution D: [CdCl2] = 0.025 M and [H2SeO3] = 0.01 M at pH 2.5 
and -0.745 V (SCE) for 20 min) air annealed at (a) 250 °C, (b) 350 °C, (c) 410 °C 
(A modified version of Fig. 2 from [II]) 

3.2.2. Properties of nanostructured CdSe films 

According to the XRD data, the as-deposited CdSe films exhibit a mixed-phase 
structure with (111) plane corresponding to a cubic structure [136] and (100), 
(110), and (200) planes of a hexagonal structure [141] (Fig. 3.11). The same 
mixed-phase crystalline structure with higher intensity of peaks was observed for 
CdSe annealed at 250 °C in air for 30 min. Diffraction patterns of CdSe films 
annealed at 350 °C and 410 °C show peaks corresponding to (100), (002), (101), 
(110), (103), (200), and (112) planes (Fig. 3.11), which can be attributed to the 
hexagonal structure [141]. A transition of mixed-phase to a wurtzite CdSe 
structure was indicated for the films annealed at temperature equal to or greater 
than 350 °C. 
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Fig. 3.11. XRD patterns of CdSe nanofibrous films before and after air annealing at 
various temperatures for 30 min (A modified version of Fig. 1 from [II]) 

 The EDX measurements of the as-deposited nanofibrous CdSe showed that 
the Cd to Se ratio changes from 1:1 to 1:2 (Fig. 3.1) when the ED time is increased 
from 15 min to 25 min. On the other hand, all nanofibrous CdSe films annealed 
at 250, 350, and 410 °C show a stoichiometric composition. 
 The phase composition was described by Raman spectra of the as-
electrodeposited and annealed CdSe films (Fig. 3.12). All the spectra show two 
peaks at 204 cm-1 and 410 cm-1 corresponding to a CdSe longitudinal phonon 
mode. The small peak at 170 cm-1, which appeared for both the as-deposited and 
annealed at 410 °C films, may be attributed to the Se-Se vibrational mode [142] 
and/or CdSe transverse optical phonon mode [144]. In terms of stoichiometry and 
phase composition, annealing in air at temperatures of 250 °C and 350 °C is 
suitable for treatment of CdSe nanofibrous films. 
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Fig. 3.12. Raman spectra of CdSe films ED from solution D ([CdCl2] = 0.025 M; 
[H2SeO3] = 0.01 M) before and after air annealing at various temperatures 

 By increasing the annealing temperature from 250 °C to 410 °C, the 
absorption edge shifted from 767 nm to 731 nm (Fig. 3.13). In the visible range 
of spectra of up to 650 nm, the transmittance decreases with an increase in 
annealing temperature. At 600 nm the drop of transmittance from 15% to 2% 
occurs. However, at longer wavelengths, a higher transmittance was observed for 
films annealed at 250 °C and 350 °C, similar to the results for CdSe films reported 
by Mahato et al. [144]. The decrease in transmittance may occur owing to the 
increase in thickness of the CdSe underlying part of the film as a result of 
recrystallization, agglomeration, and fiber sintering (Fig. 3.10). 

 

Fig. 3.13. Transmittance of nanofibrous CdSe films from solution D ([CdCl2] = 0.025 M; 
[H2SeO3] = 0.01 M) before and after air annealing at various temperatures 
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 The Eg values of the nanofibrous CdSe films obtained in solution D with 
0.01 M concentration of H2SeO3 are shown in Fig. 3.14. The Eg of an as-deposited 
film is difficult to determine owing to the scattering effect in the amorphous film 
(Fig. 3.11). The Eg of the films air-annealed for 30 min at 250, 350, and 410 °C 
are 1.78 eV, 1.72 eV, and 1.71 eV, respectively (Fig. 3.14). The same 
was observed for the nanofibrous CdSe films obtained in solution C 
(H2SeO3 = 5 × 10-3 M). The Eg shifted from 1.77 eV to 1.68 eV when annealed at 
250 °C and 410 °C, respectively. This red shift may occur owing to the increase 
in the crystallite size, lower dislocation concentration, decreased strain [145], and 
lower electrical resistivity [146]. 

 

Fig. 3.14. Eg of nanofibrous CdSe films electrodeposited from solution D 
([CdCl2] = 0.025 M; [H2SeO3] = 0.01 M) before and after air annealing at various 
temperatures 

 To summarize, CdSe nanofibrous films with fiber diameters of 40–85 nm were 
electrodeposited from acidic aqueous solutions containing different 
concentrations of H2SeO3 (5 × 10-3 M and 0.01 M). The lower concentration of 
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H2SeO3 (10-3 M) allows the ED of core/shell nanohorn-structured CdSe films. 
Although the annealing improved the crystallinity and stoichiometry of the 
nanofibrous CdSe films, some pores appeared at the CdSe/ITO interface due to 
recrystallization [V]. These pores decrease the charge transport region, indicating 
the need for a buffer layer such as CdS. 

3.3. Electrodeposition of CdS 

Similar to the case of CdSe films, we studied the electrochemical formation of 
CdS films. Based on a cyclic voltammetry study [V] of the electrochemical 
systems, we propose the following steps in the formation of CdS (Fig. 3.15). First, 
S2O3

2- reduction occurs on the surface of the ITO/glass substrate, followed by 
formation of S nuclei (R 1.16). This process is gradual and is followed by surface 
passivation of the WE as a result of the formation of a poorly conductive layer. 
Specifically adsorbed elemental S can form polysulfide anions (R 1.18). 
Moreover, a polysulfide colloid can be adsorbed from the solution (R 1.22). 
Gaining electrons, S0 reduces to S2- (R 1.17) or to H2S (R 1.26) adsorbed onto the 
surface of the cathode. H2S rapidly reacts with Cd2+ (R 1.27) and forms CdS 
(Fig. 3.14). However, considering the various species present in the solution and 
at the WE surface, CdS may also form as a result of Cd2+ interaction with S2O3

2- 
(R 1.14, R 1.15) and polysulfides (R 1.23, R 1.23–R 1.25). 

 

Fig. 3.15. Schematic representation of formation steps of CdS during ED (A modified 
version of Fig. 3 from [V]) 

 The ED of CdS was performed in an initial solution of 0.01 M concentation 
of CdCl2, 0.05 M Na2S2O3, and 0.02 M Na2EDTA, where Na2EDTA was used in 
order to shift the reduction potential of Cd towards a more negative region [V] 
and avoid the ED of metallic Cd0. According to the study of electrochemical 
systems described in detail in [V], an optimal potential value of –1.2 V 
vs. Hg/Hg2SO4/SO2- (–0.79 V vs. SCE) was chosen for the ED of CdS. 
 As discussed in Section 1.1, the temperature and pH of the electrolyte solution 
have a significant effect on the growth rate, morphology, and composition of 
films during ED. We studied the effect of these parameters on the composition of 
the CdS films and illustrated it in Fig. 3.16. The sulfur content in the CdS films 
changes as a function of pH from 2.5 to 4.5 in the initial solution at 80 °C. Nearly 
stoichiometric CdS films with ~55 at.% of sulfur were obtained at pH 2.5. When 
the pH increases from 3.5 to 4.5, the content of S in the films rises from ~59 at.% 
to ~75 at.%, respectively. To investigate the temperature effect, a pH of 3.5 was 
chosen owing to the thiosulfate-containing-electrolyte stability in the pH range 
of 2.8 to 4.0. Poor adhesion of CdS onto the ITO/glass substrate was observed at 
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higher pH values [102]. S-rich composition of CdS thin films obtained at 20 °C 
may be caused by the gradual diffusion of Cd2+ ions towards the WE [147], which 
increases at higher temperatures. The content of S decreases from ~80 at.% to 
~72 at.% by increasing the deposition temperature from 20 °С to 50 °С. Near-
stoichiometric CdS films were electrodeposited at the highest temperature of 
80 °С at pH values of 2.5 and 3.5. However, in terms of aqueous solution stability, 
a lower temperature of 50 °С is preferable. 

 

Fig. 3.16. Dependence of sulfur content as a function of (left) temperature and (right) pH 
for CdS films electrodeposited for 0.5 h at -0.79 V (SCE) (A modified version of 
Fig. 1 from [IV]) 

3.3.1. Influence of H2SeO3 microadditive on electrodeposition of CdS 

In this thesis, we paid special attention on the effect of H2SeO3 additive onto the 
growth mechanism and properties of CdS thin films. We have found that the 
presence of H2SeO3 in the solution significantly affects the ED process of CdS. 
An idealized electrochemical formation mechanism of CdS in a thiosulfate 
solution in the presence of H2SeO3 is shown in Fig. 3.17. A positive reduction 
potential of H2SeO3 promotes its rapid electrochemical reduction (R 1.8), which 
initiates Se nucleation prior to S nucleation. The growth of Se nuclei is controlled 
by the diffusion rate of H2SeO3 to the WE, although the reduction reaction of 
S2O3

2- may occur on the surface of Se nuclei. In this case, the reactions taking 
place on the cathode occur faster owing to the higher electrical conductivity of 
Se in comparison to S [141,148]. Se itself may also be reduced to H2Se (R 1.9), 
which go over into the solution. In addition, H2SeO3 may chemically react with 
H2Se (R 1.7) in the solution and provide a higher number of conductive nucleation 
centers of Se, which contribute to the faster formation of CdS thin films with 
improved surface coverage. 
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Fig. 3.17. Schematic representation of formation steps of CdS in the presence of H2SeO3 
microadditive (A modified version of Fig. 3 from [V]) 

 The influence of pH and temperature on the ED of CdS in the presence of 
micromolar concentrations of H2SeO3 (0, 5 × 10-5, 10-4, and 5 × 10-4 M) was 
investigated (Fig. 3.18). More stoichiometric CdS films were obtained at low pH 
values of 2.5 and 3.5 (Fig. 3.18(a)). This observation is in agreement with the 
data obtained for CdS electrodeposited from a Se-free solution (Fig. 3.16). A 
decrease in pH from 4.5 to 2.5 reduces the excess sulfur from 63 at.% to 54 at.%, 
while an addition of H2SeO3 lowers the deviation in composition of the deposits. 
An increase in the solution temperature also decreases the deviation in 
composition and improves the stoichiometry of the deposited CdS films 
(Fig. 3.18(b)). At 20 °C, an addition of 0.01 mM concentration of H2SeO3 reduces 
the excess sulfur from 80 at.% to 70 at.%, whereas higher concentrations of 
H2SeO3 (10-4, 5 × 10-4 M) increase it again. At higher temperatures of 50 °C and 
80 °C, the content of sulfur decreases from 70 at.% to 56 at.% and from 53 at.% 
to 52 at.% respectively, by adding H2SeO3. 

 

Fig. 3.18. Schematic representation of H2SeO3 influence on sulfur content in CdS films 
at (a) various pH at 80 °C and (b) various temperatures at pH 3.5 (Fig. 2 from [IV]) 

 CdS electrodeposited for a longer time (1.5 h) from the Se-free solution 
(Fig. 3.19) covers the substrate unevenly with islands of ~200 nm high. One can 
also observe a thin intermediate layer of several nanometers on the surface of ITO 
between the islands (Fig. 3.19(d)). An addition of 5 × 10-5 M concentration of 
H2SeO3 into the solution promotes the formation of a continuous uniform 
polycrystalline 100 nm thick CdS film; however, some voids are present. Such a 
changed microstructure of the CdS thin film confirms the effect of H2SeO3 on the 
mechanism of CdS ED. A higher concentration of 10-4 M H2SeO3 in a solution 
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decreases the island size and consequently, the film thickness to 64 nm. 
In addition, one can observe some adherent secondary particles on the surface of 
this film (marked with red circles) (Fig. 3.19(c)). 

 

Fig. 3.19. SEM images of CdS films electrodeposited at pH 3.5 50 °C for 1.5 h at various 
[H2SeO3] of (a,d) 0, (b,e) 10-5 M and (c,f) 10-4 M (Fig. 6 from [V]) 

 According to the EDX measurements, the composition of CdS films deposited 
for 0.5 h at 5 × 10-4 [H2SeO3] was found to be nearly stoichiometric with a Cd:S 
ratio of 1:1.08. Furthermore, no detectable Se peak was shown at 1.419 keV, 
indicating that Se is absent or very little (< 0.3%) in the deposits [IV]. Similar 
compositional results were obtained for all CdS thin films deposited from Se-free 
solution and at low H2SeO3 concentrations. At longer duration of ED (1.5 h), an 
increase in the H2SeO3 concentration in the working solution shifts the 
stoichiometry of the as-deposited CdS. Se inclusions of 1.3 at.% and 4.7 at.% 
were detected in CdS films deposited at 5 × 10-5 M and 10-4 M H2SeO3, 
respectively (Table 3.2). 
 In order to confirm the influence of H2SeO3 on ED, an in-situ monitoring of 
the current density during a potentiostatic ED (Fig. 3.20(a)) was conducted. The 
first 4–8 s is an induction time corresponding to the incubation time for 
nucleation, and no dependence on the concentration of H2SeO3 in the solution is 
observed (Fig. 3.20(b)) [105]. Further stages of the film growth are dependent on 
the concentration of H2SeO3. The number of Se or S nuclei may increase with 
time, which agrees with the heterogeneous precipitation process present in the 
reduction-precipitation mechanism [105]. In the case of CdS electrodeposited 
from the Se-free solution the descending monotonous slope of the deposition 
curve indicates a steady-state growth of islands instead of a continuous film [149], 
which correspond to the SEM results shown in Fig. 3.19(a,d). An addition of 
H2SeO3 of up to 10-5 M and 5 × 10-5 M changes the transient shape, which 
suggests an increased amount of nucleation centers with time and further growth 
of the more compact CdS film. An addition of H2SeO3 of up to a concentration of 
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10-4 M intensifies the growth of the dense and uniform CdS thin film as shown in 
Fig. 3.19(c,f). 

   

Fig. 3.20. (a) Current density vs time transients of CdS thin film ED at –0.79 V (SCE) for 
1.5 h at 50 °C from solution containing various concentrations of H2SeO3 and (b) enlarged 
transients part in first 10 seconds (A modified version of Fig. 4 from [IV]) 

 To summarize, the growth mechanism of the CdS thin film can be divided into 
several stages (Fig. 3.21). When no H2SeO3 is added into the working solution, 
there are two main stages (Fig. 3.21(a)): formation of S nuclei and gradual growth 
of CdS islands. The inclusion of H2SeO3 into the process generates a higher 
number of initial nuclei and additional stages that change the process of CdS 
formation into a more complex one (Fig. 3.21). In this case, the initial stage, 
which is the formation of Se nuclei, is followed by the adsorption of S on the 
surface of the cathode. This adsorbed S takes part in the growth of CdS islands. 
Finally, the secondary nucleation of Se may take place during the formation of a 
continuous CdS thin film. 

 

Fig. 3.21. The schematic representation of CdS thin film growth (a) without and (b) with 
H2SeO3 (Fig. 5 from [IV]) 
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3.3.2. Properties of electrodeposited CdS thin film 

CdS films electrodeposited for 0.5 h and 1.5 h from solutions with various 
concentrations of H2SeO3 were characterized and compared to reference films 
obtained from the initial Se-free solution. 
 The AFM study shows that the CdS film deposited from the initial solution 
for 0.5 h covers the ITO/glass substrate unevenly with agglomerated islands 
(Fig. 3.22). The average surface roughness was 11, 17, and 9 nm for the CdS 
films deposited at the concentration of H2SeO3 of 0, 10-4 M, and 5 × 10-4 M, 
respectively. On the other hand, CdS films deposited from solutions with H2SeO3 
microadditive are better packed. The grain size decreases from 77 nm to 46 nm 
with an increase in the concentration of H2SeO3. The formation of a more packed 
CdS film appears to depend more on H2SeO3 rather than on the deposition time 
(Fig. 3.19 and Fig. 3.22). The improved density of CdS films deposited from the 
Se-containing solution may be explained by the larger number of initial 
nucleation centers generated by the H2SeO3 microadditive. We can state that a 
higher concentration of H2SeO3 contributes to the thinning of CdS films 
(Table 3.1). This may be considered as a limiting aspect of the H2SeO3 
microadditive; however, it is also advantageous as it simultaneously improves the 
film coverage and decreases the thickness of electrodeposited CdS films. 

Fig. 3.22. AFM topography of CdS films electrodeposited for 0.5 h at various [H2SeO3] 
(a) 0, (b) 10-4 M and (c) 5 × 10-4 M (Fig. 7 from [III]) 

Table 3.1. Thickness of CdS films deposited for 0.5 h and 1.5 h in the presence of various 
H2SeO3 concentrations 

Molar concentration of 
H2SeO3, mol/l 

Thickness, nm 
tdep = 0.5 h tdep = 1.5 h 

0 100  200 
5 × 10-5 66 103 

10-4 39 64 
5 × 10-4 44 47 

 Participation of Se in the growth of CdS is confirmed by the formation of the 
CdSe phase characterized by Raman peaks at 200 cm-1 and 400 cm-1. Such 
evidences were observed only for the film deposited for 1.5 h at the highest 
H2SeO3 microadditive concentration of 5 × 10-4 M (Fig. 3.23). Besides the peaks 
at 300 cm-1 and 600 cm-1 attributed to longitudinal optical phonon vibrational 
modes of CdS [150], CdS films deposited at 10-4 M and 5 × 10-4 M concentration 
of H2SeO3 are characterized by peaks at 128 cm-1 and 173 cm-1. These peaks are 
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attributed to sulfur vibrational modes [23]. In addition, a peak at 561 cm-1 was 
detected for all the CdS film except the film deposited at 5 × 10-4 M H2SeO3 
concentration for 1.5 h. A peak at about 486 cm-1 that appears for the films 
electrodeposited at 10-4 M and 5 × 10-4 M [H2SeO3] was attributed to CdS at near-
resonance conditions [151]. A small peak at 188 cm-1 appears only for the films 
deposited for 0.5 h in the presence of 10-4 M and 5 × 10-4 M [H2SeO3] in the 
electrolyte solution. This peak is attributed to pure S and S–Se [25,152]. 

 

Fig. 3.23. Raman spectra of CdS films electrodeposited at 50 °C pH 3.5 for 0.5 h and 
1.5 h and various [H2SeO3] (A modified version of Fig. 4 from [IV]) 

 CdS films obtained from the Se-free solution exhibit both hexagonal and cubic 
structures corresponding to (100), (002), (101) and (220), (311) (Fig. 3.24) 
planes, respectively [107,153]. Other CdS peaks are suppressed by the strong ITO 
peaks, indicating a poor coverage of the substrate. An addition of 5 × 10-5 M of 
H2SeO3 into the solution promotes growth of only hexagonal CdS structure with 
(002) and (004) planes [107,108]. This change can be caused by a different 
nucleation initiated by Se traces identified in the XRD pattern at 24.0° (Fig. 3.21). 
This XRD peak corresponds to the (100) plane of hexagonal structure [154]. Such 
an improved ordering of the CdS structure may explain the decrease in thickness 
of CdS at higher concentrations of H2SeO3 in the solution (Table 3.1). At the 
highest H2SeO3 concentration, the CdS films exhibit the same hexagonal structure 
but with a weaker (002) peak and no Se peak. In terms of crystallinity, a 
concentration of 5 × 10-5 M of H2SeO3 appears to be optimal for the ED of CdS 
with an improved coverage and a stable hexagonal structure. 
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Fig. 3.24. XRD patterns of CdS films electrodeposited at 50 °C, pH 3.5 for 0.5 h and 1.5 h 
from solutions containing CdCl2, Na2Edta, Na2S2O3 and various [H2SeO3] (0–5 × 10-4 M) 
(Combined from Fig. 5 [IV] and Fig. 7 [V]) 

 The optical and electrical properties of electrodeposited CdS films are also 
influenced by the presence of the H2SeO3 microadditive in the working solution. 
Changes in the density of the CdS films are reflected in the optical transmittance 
(Fig. 3.25), which decreases from 81% to 75% at 600 nm with the addition of the 
H2SeO3 microadditive into the initial solution. This decrease in transmittance 
could occur owing to an improved coverage of the substrate by CdS, deviations 
in composition stoichiometry, scattering effects, and/or changes in thickness [IV]. 
At the same time, the optical Eg value slightly increased from 2.3 eV to 2.5 eV 
(Fig. 3.25 inset) and may be accompanied by a decrease in crystallite size [155]. 
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Fig. 3.25. Transmittance spectra of CdS films deposited at 50 °C, pH 3.5, –1.2 V 
vs. Hg/Hg2SO4/SO4

2- for 0.5 h from initial solution: (a) Se-free, with [H2SeO3] of 
(b) 5 × 10-5 M, and (c) 5 × 10-4 M; inset- extrapolation of (αhν)2 vs. hν plot for CdS films 
(a) and (b) (A modified version of Fig. 8 inset from [IV]) 

 PEC and Kelvin probe measurements were performed in order to measure the 
photoresponse under white and red light, respectively, and to determine the type 
of photoconductivity and surface potential (Fig. 3.26). An n-type 
photoconducting behavior (Fig. 3.26(a)) was observed for all the analyzed CdS 
films as a result of semiconductor photodecomposition with participation of 
minority charge carriers (holes) generated in the CdS films [156]. CdS films 
electrodeposited in the presence of H2SeO3 show an improved PEC performance, 
which may be explained by the changed structural, morphological, and 
compositional properties of the films. In addition, the enhanced photocurrent 
densities indicate a delay in the e--h+ pair recombination owing to the presence 
of more conducting Se species on the surface of CdS [157]. 
 With addition of H2SeO3 the surface potential of CdS in the dark increases 
from approximately –0.34 V to approximately –0.53 V (Fig. 3.26(b)). This 
increase may be caused by incorporation of Se atoms into the surface causing the 
shift of the Fermi level. For CdS films deposited without Se, the photoresponse 
may appear due to secondary phases present in the film, whereas in the case of 
H2SeO3 presence, it appears owing to the trapped Se, which is photosensitive 
under a red light [158] or an imperfect stoichiometry of the films. 
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Fig. 3.26. (a) Current vs potential curves of as-deposited CdS/ITO/glass electrodes in 
0.1 M Na2SO4 background electrolyte solution for CdS electrodeposited at various 
[H2SeO3] (Fig. 8 from [V]); (b) Kelvin probe measurements of CdS films electrodeposited 
at various [H2SeO3] (Fig. 9 from [V]) 

3.3.3. Annealing of CdS films 

In order to improve the properties of CdS films, vacuum treatment was applied 
in a closed quartz tube. The detected Se in as-electrodeposited CdS is surface 
contaminating, as it was easily removed by the vacuum treatment (Table 3.2). 
However, we found that 1 at.% of Se remained in the CdS film deposited at 
0.1 mM [H2SeO3]. It appears that the applied vacuum treatment at 120 °C for 1 h 
is not sufficient for the complete removal of 4.7 at.% of Se. 

Table 3.2. Composition of CdS thin films (ED for 1.5 h) before and after annealing in 
vacuum at 120 °C for 1 h 

Molar 
concentration 

CM of H2SeO3 in 
solution 

Concentration in deposited films 
Cd, at.% S, at.% Se, at.% 

Asdep. Treated Asdep. Treated Asdep. Treated 

0 50.0 50.3 50.0 49.7 0.0 0.0 

5 × 10-5 52.4 50.4 46.3 49.6 1.3 0.0 

10-4 51.5 50.6 43.8 48.4 4.7 1.0 

 To summarize, H2SeO3 added into the working solution affects the mechanism 
of CdS formation and causes a transition of CdS crystalline structure from a 
mixed-phase to a hexagonal one. A micromolar concentration of H2SeO3 allows 
simultaneous deposition of a continuous CdS film with decreased grain size and 
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thickness, and lower deposition temperature of 50 °C. Secondary phases of Se 
can be removed by vacuum treatment at 120 °C. The obtained CdS films were 
deposited for application as a buffer layer in nanostructured hybrid SCs in order 
to improve the current transport from ITO to the CdSe nanostructured film. 

3.4. Nanostructured hybrid solar cells based on electrodeposited 
CdSe 

Nanocrystalline CdS and nanostructured CdSe thin films (described in Sections 
3.2 and 3.3) were applied in initial hybrid SC structures. This section presents the 
preparation steps of nanostructured hybrid SCs based on electrodeposited CdS, 
CdSe, and CdTe films in combination with p-type conducting polymer (CP) 
films. 

3.4.1. Glass/ITO/CdSe/P3OT:PCBM/graphite structure 

For the application of a nanofibrous CdSe film in SCs, we chose a well-known 
structure with the commonly used spin-cast P3OT:PCBM as the absorber layer 
[III]. Nanofibrous CdSe films onto ITO/glass were annealed at various 
temperatures (Table 3.3) before spin-casting of the p-type polymer film 
(Fig. 3.27). P3OT:PCBM fills the upper fibrous part of the film uniformly and 
has a good adhesion. 

 

Fig. 3.27. SEM cross-sectional image of P3OT:PCBM/CdSe/ITO/glass structure, where 
CdSe was air annealed at 250 °C 

Table 3.3. PV parameters of glass/ITO/CdSe/P3OT:PCBM/graphite SCs with 
nanofibrous CdSe films air annealed at various temperatures for 0.5 h 

CdSe annealing temperature Voc, mV Jsc, mA cm-2 FF, % η, % 
250 °C 400 0.29 31 0.037 
350 °C 500 0.30 29 0.044 
410 °C 40 0.22 24 0.002 

 Hybrid SCs with a CdSe film annealed at 250 °C and 350 °C showed 
comparable PV properties, while an annealing temperature greater than 350 °C 
affects the Voc value (Table 3.3). Usually the Voc is affected by the back contact 
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material; however, we used the same material for all structures. It is more 
probable that in our case, the VOC depends on the diameter of the nanofibers, 
similar to the study by Wright et al. [159], where a dependence on the size of 
nanocrystals was demonstrated. At the highest annealing temperature (450 °C), 
there are no nanofibers left and the Voc value may be lowered owing to 
recombination losses or short carrier lifetime. 
 All glass/ITO/CdSe/P3OT:PCBM/graphite structures exhibit low 
photocurrent density (Table 3.3), which may indicate high series resistance. The 
possible reasons for this might be the poor contact between CdSe and 
P3OT:PCBM. One of the effective ways to improve the Jsc is to increase the light 
absorption yield of the polymer. The bandgap, composition and thickness of the 
polymer film play an important role on its absorbance, although another 
influencing parameter is the organic/inorganic interface of the SC [159]. It is 
important to adjust the thickness of the polymer film taking into account the 
exciton diffusion length [159]. 
 Based on the obtained results, we can say that temperatures equal to or greater 
than 350 °C are suitable for air annealing of CdSe nanofibrous films. However, 
owing to the poor absorbing properties of P3OT:PCBM p-type layer, our SCs 
exhibit low Jsc values. An increase in the P3OT:PCBM thickness could improve 
the absorbance; however, the applied spin-casting method does not allow a 
precise control of the thickness. Therefore, we decided to solve the problem of 
insufficient absorption by adding a well-known absorber material, CdTe, to this 
SC structure. 

3.4.2. Glass/ITO/CdSe/CdTe/P3OT:PCBM/graphite structure 

For the improvement of the PV parameters of the previously discussed 
CdSe/P3OT:PCBM SC, we added CdTe between the polymer and nanofibrous 
CdSe films. In the new CdSe/CdTe/P3OT:PCBM structure, the polymer is a 
back-contact and an organic photoabsorber functional layer. 
 In order to fabricate the CdSe/CdTe core/shell structure, CdTe was 
electrodeposited onto a nanofibrous CdSe film [VI]. The formed core/shell 
structures have a diameter of ~100 nm, whereas the total thickness of the obtained 
CdTe/CdSe/ITO structure is ~700 nm (Fig. 3.28). CdSe core nanofibers are 
covered with a polycrystalline CdTe with an average grain size of 10–20 nm. 
Round-shaped caps with a diameter from 150–200 nm cover the tops of the 
CdSe/CdTe fibers (Fig. 3.28(a)). The observed morphology of the CdSe/CdTe 
structure confirms the preferable grain growth of CdTe as an “extension” of CdSe 
nanofibers. The mechanism of CdTe nucleation is similar to that of CdSe [76,95]. 
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Fig. 3.28. SEM images of CdTe/CdSe/ITO/glass structure air-annealed at 200 °C for 1 h 
(A modified version of Fig. 2 from [V]) 

 The Raman spectrum (Fig. 3.29) of the annealed CdTe/CdSe/ITO/glass 
structure shows peaks at 140 cm-1, 163 cm-1 and 330 cm-1 belonging to CdTe [17] 
and peaks at 94 cm-1 and 120 cm-1 indicating the presence of Te secondary phase 
[90,160]. Furthermore, low-intensity CdSe peaks at 173 cm-1, 204 cm-1, and 
411 cm-1 are observed as a result of an underlying CdSe film [77,78,143]. 

 

Fig. 3.29. Raman spectra of CdSe/ITO/glass air-annealed at 350 °C for 0.5 h and whole 
CdTe/CdSe/ITO/glass structure air annealed at 200 °C for 0.5 h (Fig. 3 from [V]) 

 In the new SC structure, the CdSe nanostructure is not evident anymore as the 
polymer fills the empty spaces, with good adhesion, without cracks and holes 
(Fig. 3.30). Although the glass/ITO/CdSe/P3OT:PCBM/graphite structure 
was obtained with the CdTe layer, it has similar PV properties: Voc = 0.43 V, 
Jsc = 0.5 mA cm-2, FF = 33% (Fig. 3.31). Although the absorbance was improved 
by the inclusion of CdTe, the current density is still low, most probably because 
of interface issues, recombination losses or porosity of the CdSe film. 
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Fig. 3.30. SEM images of P3OT:PCBM/CdTe/CdSe/ITO/glass structure (A modified 
version of Fig. 2 from [V]) 

 

Fig. 3.31. J-V characteristics of glass/ITO/CdSe/CdTe structures uncoated and coated 
with P3OT:PCBM and with graphite back-contact, under illumination of 100 mW/cm2 
(Fig. 4 from [V]) 

 In order to improve the polymer/CdSe interface and preserve the CdSe 
nanostructure, we applied a PPy polymer synthesized by PEC deposition method. 
Moreover, for the improvement of charge transport at the CdSe/ITO interface, a 
CdS buffer layer was deposited before the CdSe nanostructured film. 

3.4.3. Glass/ITO/CdS/CdSe/PPy:NSA/graphite structure 

For the deposition of CdS buffer onto ITO/glass structure, the knowledge gained 
in Section 3.3 was applied. Therefore, the ED of the CdS film with a thickness of 
~100 nm was carried out at the following conditions: –0.79 V (SCE), 50 °C, 
pH of 3.5, and with 5×10-5 M [H2SeO3]. CdS helped to reduce the number of 
pores at the interface between ITO and CdSe. 
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 Py doped with NaNSA was electrodeposited onto CdSe/CdS/ITO/glass 
electrodes at a low potential of 0.2 V (SCE) under a Xe lamp illumination. Owing 
to the small applied potential value, PPy covered only the photoactivated surface 
of CdSe without deep penetration into the pores (Fig. 3.32). The thickness of the 
PPy film after 1 h deposition was ~10 nm. 

 

Fig. 3.32. SEM surface and cross-sectional images of nanostructured 
PPy/CdSe/CdS/ITO/glass structures with PPy electrodeposited for 1 h 

 Implementation of such a structure helped us to significantly improve the 
Jsc (2.6 mA·cm-2); however, led to the decreased Voc value (95 mV) at a FF of 
~27%. It is noteworthy that all layers of the latter SC structure are 
electrodeposited. We experimentally proved that electrodeposited nanofibrous 
CdSe films can be implemented in an electrodeposited hybrid SC. However, the 
fabrication technology of the complete device should be further optimized in 
order to improve the SC parameters. 
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CONCLUSIONS 

This thesis was directed to the study of formation and growth mechanisms of 
electrodeposited CdSe and CdS films for application in electrodeposited 
nanostructured glass/ITO/CdS/CdSe/PPy/graphite hybrid solar cell structure. 
Conclusions from the studies are as follows: 

1. The concentration of H2SeO3 determines the stoichiometry and 
morphology of CdSe films. The optimal concentration of H2SeO3 for the 
electrodeposition of stoichiometric CdSe thin films is ≤ 5 × 10-4 M at 
exceeding concentrations of CdCl2. Higher concentration of H2SeO3 
dictates formation of a nanostructured film. When [CdCl2] in the solution 
is 0.025 M, nanohorn films grow at 10-3 M [H2SeO3], mixed 
nanohorn/nanofiber-structured films form at 5 × 10-3 M, and nanofibrous 
CdSe films are obtained at 10-2 M. 

2. The formation of CdSe nanostructures is defined by the excess of Se0 
species at the electrode/electrolyte interface where strong affinity of Se 
atoms to each other lead to the formation of secondary Se nuclei on the 
underlying CdSe film. Still, the excess of Se in the nanostructured CdSe 
films can be easily removed by air-annealing. 

3. Near-stoichiometric CdS films can be electrodeposited from 
the microadditive-free initial solution at the following conditions: –0.8 V 
(SCE), 80°С, pH ≤ 3.5, 0.01 M [CdCl2], 0.05 M [Na2S2O3], 0.02 M 
[Na2Edta]. Addition of the micromolar concentration of H2SeO3 into the 
initial solution modifies the growth of CdS films, improves the coverage 
and simultaneously decreases the thickness. 

4. The optimal concentration of H2SeO3 (5 × 10-5 M) in the working solution 
assures the formation of CdS with stable hexagonal structure instead of 
the mixed-phase structure. Changes in morphology, structure, optical and 
electrical properties of CdS indicate to the inclusion of Se-containing 
phases, which can be easily removed by the vacuum treatment. 

5. Electrodeposition of polycrystalline CdTe film onto CdSe nanofibers 
helps to improve the absorption and lead to increase of the photocurrent 
of the glass/ITO/CdSe/CdTe/P3OT:PCBM/graphite solar cell. With 
addition of the CdTe shell to CdSe core nanofibers the solar cell 
photovoltaic performance was improved from Voc = 400 mV, 
Jsc = 0.29 mA·cm-2 to Voc = 430 mV, Jsc = 0.5 mA·cm-2. 

6. Spin-casted P3OT:PCBM was found to be an inappropriate absorber 
material for the electrodeposited nanofibrous CdSe/ITO/glass structure 
as the polymer fills the empty space in the fibrous part of the film.  

7. Contrary, PPy deposited photoelectrochemically covers only the surface 
of CdSe nanofibers and preserves the nanostructure. All-electrodeposited 
nanostructured hybrid glass/ITO/CdS/CdSe/PPy/graphite solar cell 
structure is characterized by increased Jsc value up to 2.6 mA·cm-2; 
however lower Voc value of 95 mV and FF of 27%. 
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8. The CdS film electrodeposited between CdSe and ITO front contact helps 
to eliminate pores in the CdSe film and, therefore, to improve the 
absorption and charge carriers transport in the solar cell. 
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ABSTRACT 

Cd-chalcogenide compounds have been shown as suitable candidates for second- 
and third-generation photovoltaics. The emerging interest in the third-generation 
solar cell (SC) devices is due to the developing technologies in the field of 
materials research towards low-cost and highly efficient devices. One of the 
promising concepts is a nanostructured hybrid SC, which combines the 
advantages of inorganic and organic materials accompanied with a highly active 
interface area. A highly developed surface area of the heterojunction is beneficial 
in terms of higher fraction of generated electron-hole pairs. Inorganic 
semiconductors as well as conducting polymers can be synthesized by a cost-
effective and relatively simple method as electrodeposition. This technique 
allows deposition of self-assembled nanostructured Cd-chalcogenide films, 
which can be used as a matrix for nanostructured hybrid SCs. Furthermore, on 
all-electrodeposited hybrid structures there are few or no publications.  
 The aim of this dissertation was to study the nucleation and growth 
mechanisms of CdS and CdSe compounds during the electrodeposition process 
and to investigate the influence of H2SeO3 microadditive on the electrodeposition 
of CdS, in order to apply electrodeposited films as a matrix for all-
electrodeposited nanostructured hybrid SC. 
 This thesis is based on six publications and is divided into three Chapters. 
Following the Introduction, Chapter 1 includes a literature overview on the main 
properties of CdS, CdSe, and CdTe, and possible applications of these materials 
including third-generation SCs and electrochemistry of binary Cd-chalcogenides. 
Chapter 2 describes the experimental details of the synthesis, post-deposition 
treatment, and characterization of the obtained CdSe and CdS films, as well as 
the fabrication of hybrid SCs based on nanofibrous CdSe films. Chapter 3 is 
divided into four sections, which include the results and discussion on the 
electrochemical growth mechanisms of thin and nanostructured CdSe films as 
well as CdS films. CdS films were obtained without and in the presence of 
H2SeO3 microadditive, followed by the application of these electrodeposited 
films in hybrid SCs. 
 CdSe and CdS films were electrodeposited from acidic aqueous electrolyte 
solutions. Variables such as concentrations of reagents, pH, and temperature were 
varied in order to determine the appropriate conditions for stoichiometric film 
formation. We also determined the conditions for the synthesis of nanostructured 
CdSe films. As-electrodeposited CdSe films were annealed in air at temperatures 
from 250 °C to 410 °C. The growth of near-stoichiometric CdS at 50 °C was 
improved by addition of H2SeO3 microadditive. As-deposited CdS films were 
annealed in vacuum at 120 °C. 
 Prior to electrodeposition, electrochemical systems were analyzed by cyclic 
voltammetry to determine the possible electrochemical reactions and choose the 
potential for film deposition. Based on the data obtained from the cyclic 
voltammetry and thermodynamic data, we proposed the mechanisms for CdSe 
thin and nanostructured film formation as well as for CdS film formation without 
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and in the presence of H2SeO3. We showed that for both CdSe and CdS, the 
formation of Se nuclei is growth defining.  

CdSe nanohorn or nanofibrous films arrange as a result of exceeding the 
concentration of Se0 species at the electrode/electrolyte interface. The initial 
diameter of a nanohorn or a nanofiber is determined by the diameter of the Se 
nucleus, which in the case of a nanohorn, decreases in the vertical direction during 
the deposition process. According to a morphological study performed using a 
high-resolution scanning electron microscope, nanohorns have a diameter of  
~200 nm at the base and 30 nm on the top, while nanofibers have a 
uniform diameter of 40−85 nm. According to an energy dispersive X-ray 
spectroscopy, stoichiometric CdSe films can be deposited at H2SeO3 equal to or 
less than 5 × 10-4 M and exceeding the concentration of CdCl2. The optical 
properties were characterized by UV-Vis spectroscopy. Air annealing of CdSe 
nanofibers promotes the transition of the mixed-phase crystalline structure to a 
more stable hexagonal one. 

The morphology of CdS films electrodeposited from an initial solution at 
50 °C and pH of 3.5 is non-continuous with islands of ~200 nm in diameter; 
however, an addition of 10-5 M H2SeO3 improves the coverage and decreases the 
film thickness two times. When depositing CdS at 50 °C, stoichiometric films can 
be obtained only in the presence of a H2SeO3 additive. The presence of Se 
secondary phase in as-deposited CdS films was also confirmed by scanning 
Kelvin probe measurements and X-ray diffraction. Nevertheless, stoichiometry 
of the films was improved by annealing. A transition of the mixed-phase to 
hexagonal structure was observed for CdS electrodeposited in the presence of 
5 × 10-5 M concentration of H2SeO3. 
 Finally, electrodeposited nanofibrous CdSe films were applied as matrix in 
the initial hybrid SCs separately and as a bilayer structure with electrodeposited 
CdS and CdTe. The hybrid glass/ITO/CdSe/P3OT:PCBM/graphite structure 
showed diodic behavior and photosensitivity but with relatively low photocurrent 
value. In order to improve the insufficient absorption, a CdSe-core/CdTe-shell 
structure was fabricated. This helped to slightly improve the open circuit voltage 
(Voc), short circuit current (Jsc) and fill factor; however, the values stayed below 
those of an efficient SC grade. Taking into account interface problems or possible 
high recombination losses electrodeposited PPy/CdSe/CdS structure was 
implemented. The fabricated electrodeposited hybrid 
glass/ITO/CdS/CdSe/PPy/graphite SC showed a maximal Jsc value of 
2.6 mA·cm-2 but with reduced Voc. The results show a potential of 
electrodeposited nanostructured CdSe films for application in hybrid SCs; 
however, further optimization of the fabrication conditions is necessary. 
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KOKKUVÕTE 

Kaadmiumi (Cd) kalkogeniide kasutatakse laialdaselt teise ja kolmanda 
põlvkonna päikesepatareides, mille vastu on tekkinud huvi tänu vajadusele 
valmistada odavaid ning efektiivseid seadmeid. Nanostruktuurne hübriidne 
päikesepatarei on lootustandev kontseptsioon, milles kasutatakse koos 
anorgaanilisi ja orgaanilisi materjale. Hübriid-päikesepatareide tehnoloogia 
eeliseks  on lihtsalt valmistatavate odavate ning suure 
absorptsioonikoefitsiendiga polümeeride ja kõrge stabiilsusega anorgaaniliste 
materjalide ühendamine. Nanostruktuursete kilede kasutamine võimaldab 
suurendada p-n ülemineku pindala. Nii anorgaanilisi pooljuhte kui ka juhtivaid 
polümeere on võimalik sünteesida kasutades odavat ja suhteliselt lihtsat 
elektrokeemilise sadestuse meetodit. Lisaks on antud meetodiga võimalik 
valmistada ise-organiseeruvaid nanostruktuurseid Cd-kalkogeniide, mida saab 
kasutada maatriksina nanostruktuursetes hübriid-päikesepatareides. Hübriid-
päikesepatareide saamise tehnoloogia, kus kõik kihid on elektrokeemiliselt 
sadestatud, on aktuaalne ja pakub huvi, kuna informatsiooni sellel teemal on 
vähe. 
 Antud doktoritöö eesmärgiks oli uurida elektrokeemilisel sadestamisel 
kaadmiumsulfiidi (CdS) ja kaadmiumseleniidi (CdSe) kilede idumoodustumise 
ning kasvu mehhanisme, leida nanostruktuurse CdSe kasvu tingimusi ning uurida 
seleenishappe (H2SeO3) lisandi mõju CdS sadestamisele. Lisaks kasutati 
elektrokeemiliselt sadestatud nanostruktuurseid Cd-kalkogeniid kilesid 
funktsionaalsete materjalidena hübriid-päikesepatareides. 
 Käesolev töö baseerub kuuel publikatsioonil ning on jagatud kolmeks 
peatükiks. Sissejuhatusele järgnev esimene peatükk on kirjandusülevaade, milles 
käsitletakse CdS, CdSe ja CdTe peamisi omadusi ning rakendusi teise ja 
kolmanda põlvkonna päikeseelementides. Lisaks kirjeldatakse Cd-
kalkogeniidide ja polümeeride elektrokeemilise sadestuse põhialuseid. Teises 
peatükis antakse ülevaade eksperimentaalsest katsekorraldusest õhukeste kilede 
elektrokeemiliseks sadestamiseks, kuumutamiseks, päikeseelementide 
valmistamiseks ning karakteriseerimismeetoditest. Kolmas peatükk on jaotatud 
neljaks alapeatükiks ning sisaldab eksperimentaalsete tulemuste analüüsi, CdS 
ning CdSe kilede kasvumehhanismide kirjeldust ning nende rakendamist 
hübriidsetes fotovolt-struktuurides. 
 Antud uurimustöös sadestati CdSe ning CdS kiled elektrokeemiliselt 
happelises vesilahuses. Varieeriti reagentide kontsentratsiooni, pH väärtust ja 
sadestustemperatuuri, et leida sobivad parameetrid stöhhiomeetriliste kilede 
elektrokeemiliseks sadestamiseks. Lisaks leiti tingimused nanostruktuursete 
CdSe kilede sadestamiseks. CdSe kilesid lõõmutati õhu käes erinevatel 
temperatuuridel 250 °C-st kuni 410 °C-ni. Seleenishappe lisamisega lahusele leiti 
võimalus CdS kilede elektrokeemiliseks sadestamiseks 50 °C juures. Uuriti 
vaakumis 120 °C juures lõõmutamise mõju CdS kilede koostisele. Kilede 
struktuurilisi omadusi ja faasikoostist uuriti XRD ning Raman spektroskoopia 
abil ning optilisi omadusi uuriti kasutades UV-Vis spektroskoopiat. 
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 Võimalike elektrokeemiliste reaktsioonide määramiseks ning 
sadestuspotentsiaali valimiseks kasutati elektrokeemiliste süsteemide 
analüüsimeetodit - tsüklilist voltamperomeetriat. Tsüklilise voltamperomeetria 
ning termodünaamiliste andmete põhjal kirjeldati CdSe ja CdS elektrokeemilise 
sadestamise mehhanisme. Näidati, et mõlema materjali puhul kasvavate kilede 
morfoloogia on määratud seleeni idutsentrite tekke poolt. CdSe nanosarve või 
nanokiu kujulised struktuurid moodustuvad, kui on Se0 ülekontsentratsioon 
elektroodi/lahuse piirpinnal. Nanosarve või nanokiu algdiameeter sõltus seleeni 
idutsentri suurusest. Vastavalt SEM uuringutele leiti, et nanosarvede diameeter 
alumises osas on ~200 nm ning tipus ~30 nm. Nanokiudude diameeter varieerub 
40 nm ja 85 nm vahel. Leiti, et CdSe nanokiudude kuumutamisel 250 °C juures 
toimub diameetri vähenemine ilma kokkupaakumiseta ja mitmefaasilise 
struktuuri üleminek heksagonaalseks. Sarnane kristallstruktuuri muutus toimub 
ka CdS kiledes, mis sadestati H2SeO3 kontsentratsioonil 5 × 10-5 M. 

Leiti, et CdS kihtide sadestamisel 50 °C juures lahusest, mille pH on 3.5, 
moodustuvad pideva kile asemel CdS-di saarekesed, mille teket ja kuju on 
võimalik juhtida seleenishappe lisamisega lahusele. Lisades 10-5 M seleenishappe 
kontsentatsiooni, sadestub õhem CdS kile, mis katab aluse ühtlaselt. 
Seleenishappe lisandi kasutamine võimaldab sadestada stöhhiomeetria-lähedase 
koostisega CdS kilesid 50 °C juures. XRD analüüs näitas, et CdS kiled sisaldavad 
elementaarse Se faasi, mille eemaldati sadestusjärgse kuumutamisega vaakumis 
120 °C juures. 
 Elektrokeemiliselt sadestatud nanostruktuurseid CdSe kilesid rakendati 
hübriid-päikesepatareides nii ühe kui ka kahekihilise struktuurina koos 
elektrokeemiliselt sadestatud CdS-i ja CdTe-ga. Päikesepatarei voolu-pinge 
kõverad näitasid, et klaas/ITO/CdSe/P3OT:PCBM/grafiit fotovolt-struktuuril on 
dioodi omadused, kuid madalate fotovolt-parameetritega. Antud struktuurile 
lisati CdTe kiht CdSe peale, et parandada valguse absorptsiooni. Täiendatud 
struktuuri fotovolt-parameetrid paranesid, kuid nende väärtused on madalad 
efektiivsete päikesepatareide jaoks. Madalad fotovolt parameetrite väärtused 
võivad olla põhjustatud piirpinna kontaktprobleemide või laengukandjate suure 
rekombinatsioonikao tõttu. Arvestades saadud tulemusi, valmistati 
elektrokeemiliselt sadestatud PPy/CdSe/CdS struktuur ITO/klaas alusele. Saadud 
klaas/ITO/CdS/CdSe/PPy/grafiit päikesepatarei lühisvoolu väärtus on 
2.6 mA·cm-2, kuid avatud vooluahela pinge on 95 mV. Tulemused näitavad, et 
elektrokeemiliselt sadestatud nanostruktuurseid CdSe kilesid võib kasutada 
hübriid-päikesepatareides, kuid paremate tulemuste saavutamiseks peab selliste 
struktuuride valmistamise tehnoloogiat optimeerima ning täiustama.
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J. Kois, S. Bereznev, O. Volobujeva, J. Gurevits, E. Mellikov, 
Electrocrystallization of CdSe from aqueous electrolytes: Structural 
arrangement from thin films to self-assembled nanowires, J. Cryst. Growth 
320 (2011) 9–12. 
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Paper IV 

J. Maricheva, S. Bereznev, R. Naidu, N. Maticiuc, V. Mikli, J. Kois, 
Improved electrodeposition of CdS layers in presence of activating H2SeO3 
microadditive, Mater. Sci. Semicond. Process. 54 (2016) 14−19. 
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Paper V 
 
 
 

J. Maricheva, S. Bereznev, N. Maticiuc, O. Volobujeva, and J. Kois, 
Influence of selenous acid microadditive on electrochemical formation of CdS 
thin films, Electrochim. Acta 242 (2017) 280–286. 
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Paper VI 

J. Gurevits, J. Kois, S. Bereznev, E. Mellikov, A. Öpik, Electrochemical 
Synthesis of CdSe/CdTe Nanowires for Hybrid Photovoltaic Structures. MRS 
Proceedings 3 (2014) 1707. 
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