
 8 

 

 

2 

 

 

QUANTUM DOT-SENSITIZED SOLAR CELLS 

(QDSSCs)
*
 

 

2.1 Introduction 

 

Renewable energy has been a global issue in recent years. Due to many issues 

such as limited fossil fuel reserve and global warming, the need for renewable energy 

cannot be denied. An alternative that has emerged as a potential and marketable source 

of energy is solar. In an hour, a total of 4.3  10
20 

J energy from the sun that reaches the 

earth is sufficient to fulfill the global energy consumption in a year (4.1  10
20 

J) [1]. 

Energy fom the sun can be easily trapped using low-cost and high-efficiency solar cells. 

A wide range of solar cell technologies which includes dye-sensitized nanocrystalline 

solar cells [2], bulk heterojunction solar cells [3,4], depleted heterojunction solar cells 

[5,6], and hybrid organic-inorganic solar cells [7-9] are being researched and developed. 

                                                 
*
 Portions of this chapter were published in: Jun, H.K., Careem, M.A. & Arof, A.K. (2013). Quantum 

dot-sensitized solar cells – perspective and recent developments: A review of Cd chalcogenide quantum 

dots as sensitizers. Renewable and Sustainable Energy Reviews, 22, 148-167. 
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Chronologically, solar cell technologies have evolved into three generations [10]. 

The first generation photovoltaic cells are based on a single crystalline semiconductor 

wafer. The second generation photovoltaic solar cells utilize inorganic thin film 

structure in the cell assembly. They are cheaper to produce, but the efficiency, which is 

less than 14% in amorphous thin film solar cells is lower than the efficiency exhibited 

by the single junction crystalline photovoltaic cell of the first generation that can reach 

as high as 27% (see Figure 1.1 in Chapter 1). Theoretically, single junction cells should 

be able to exhibit a maximum efficiency of ~33% [11], a limit set by Shockley-Queisser 

thermodynamics. Thus, a new solar cell technology is required in order to achieve 

efficiencies greater than 33% with lower production cost. The onset of this 

breakthrough is the third generation photovoltaic cells [12]. The relation between the 

photovoltaic production cost per square metre with the solar cell module efficiency and 

the cost per unit power are shown in Figure 2.1 [13]. It is predicted that with the 

emergence and advancement of the third generation photovoltaic cells, higher efficiency 

devices are possible with lower production cost. Some examples of solar cells which 

fall under this category are dye-sensitized solar cells (DSSCs), quantum dot-sensitized 

solar cells (QDSSCs), colloidal quantum dot solar cells (CQD), organic solar cells, etc. 



Chapter 2 

 10 

 

Figure 2.1 Efficiency-cost trade-off for the three generations of solar cell technology; wafers, thin-films 

and advanced thin-films (year 2003 dollars). Adapted from reference [13]. 

 

The first low-cost and high-efficiency solar cells introduced were the DSSCs 

with inorganic ruthenium based dyes in the early 90s [14]. From then onwards, 

numerous research have been focused on the development and characterization of 

different dyes for DSSC application. These include natural [15,16] and synthetic 

organic dyes [17]. Based on the DSSC’s structure, quantum dot (QD) was introduced to 

replace the dye due to its excellent opto-electronic properties [2,18,19]. QDs are nano-

sized semiconductor particles whose physical and chemical properties are size-

dependent. Among the notable characteristics of QDs include tunability of band gap 

energy, narrow emission spectrum, good photostability, broad excitation spectra, high 

extinction coefficient and multiple exciton generation [20-23]. With these advantages, 

researchers were able to fabricate solar cell devices achieving efficiency up to 7% in 

QD related solar cells [24,25]. Other upcoming trend is “green” QDSSC where less 

hazardous precursors are used during the preparation of QDs  [26]. 
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Over the last few years, cadmium chalcogenide (CdX, X = S, Se or Te) QDs 

have attracted more attention in QDSSC research. The widespread of research activities 

in CdX QDs are due to their distinct properties such as ease of fabrication, tunability of 

band gap energy through size control and possible multiple exciton generation as 

mentioned above. It is noted that CdX absorbs photon efficiently because it has a bulk 

material band gap above 1.3 eV (band gap for CdS, CdSe and CdTe are 2.25 eV, 1.73 

eV and 1.49 eV respectively) [27]. By altering the QD size, the band gap can be tuned 

further to match a desired band gap range. It is therefore critical to understand the 

physics and chemistry of these CdX QDs for a better research focus. 

 

This literature review though inexhaustive will concentrate on the concepts of 

the QDSSC with emphasis on cadmium chalcogenide (CdX, X= S, Se or Te) as QD 

sensitizers. The fundamental electrical characteristics of solar cells will be first 

reviewed. This will be followed by basic working principles of the QDSSC. Subsequent 

sections are dedicated to the synthesis methods and sensitization with CdX QDs.  

 

2.2 Basic principles of QDSSCs 

 

2.2.1 Structure of DSSC and QDSSC 

 

A typical DSSC consists of a dye-sensitized photoanode (working electrode) and 

a counter electrode (CE) separated by a salt electrolyte [28]. Photoanode consists of a 

mesoporous wide-bandgap semiconductor layer that is attached to the conducting glass. 

Typically, TiO2 is chosen for the mesoporous semiconductor although other oxides such 

as ZnO and Nb2O5 are possible [19,29,30]. A monolayer of charge transfer dye is then 

attached on the surface of the mesoporous wide-bandgap semiconductor. This 
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photoanode section is in contact with a redox electrolyte or hole conductor. The 

structure is completed by coupling with a counter electrode (cathode) as shown in 

Figure 2.2.    

 

Figure 2.2 Structure and operating principle of a typical DSSC. Adapted from reference [28]. 

 

The evolution of DSSC to QDSSC does not take a big leap. The only physical 

difference between the DSSC and QDSSC is the sensitizing materials. In the QDSSC, 

the dye is replaced by inorganic QD nanoparticles [31]. The mesoporous TiO2 is coated 

using colloidal QD or in situ fabricated QDs [18,32-34]. The working mechanism of the 

solar cell is further explained in section 2.2.3.  

 

2.2.2 Performance parameters 

 

 The function of a conventional photovoltaic solar cell is based on the formation 

of an electrical barrier between n- and p-type semiconductors. The potential difference 

across this barrier creates an electrical diode structure. Thus, the current-voltage 

characteristic of the solar cell follows the diode equations. Figure 2.3 is an illustration 
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of current-voltage characteristics of a solar cell in the dark and under illumination 

conditions. 

 

Figure 2.3 Current-voltage curves of a photovoltaic solar cell under dark and illuminated conditions. The 

intersection value with the abscissa and ordinate are the open-circuit voltage (Voc) and the short-circuit 

current (Isc) respectively. Maximum power output, Pmax is determined by the maximized product of Im and 

Vm. By dividing the Pmax with the product of Isc and Voc, it results the fill factor (FF).  

 

 Under the dark condition, there is no current flowing. However, when a 

sufficiently high voltage is applied i.e. higher than open circuit voltage, the contacts 

start to inject carriers to produce current at forward bias. Upon illumination, additional 

photocurrent will be generated to flow across the junction. The maximum generated 

photocurrent contributes to the short-circuit current (Isc). The open-circuit voltage (Voc) 

is the voltage when there is no current flowing. Power output then can be determined 

from the product of current and voltage in the fourth quadrant of the current-voltage 

characteristics. At the maximum power point (Im and Vm), the product is the largest, 

where the maximum rectangle area in the figure meets the curve [7]. This defines the fill 

factor (FF). 

 

  FF = (Im × Vm) / (Isc × Voc)      (2.1) 
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The maximum theoretical FF value is 1.0 or 100%. However, in reality the value is 

limited to 0.83 based on the diode equation [1]. The photovoltaic power conversion 

efficiency,, is defined by the electrical power density divided by the incident solar 

power density (P). P is standardized at 1000 Wm
-2

 for photovoltaic cell tested at spectral 

intensity matching the sun’s intensity on earth’s surface at an angle of 48.2 (equivalent 

to AM 1.5 spectrum) [7].  

 

   = Im × Vm / P       (2.2a) 

 = Isc × Voc × FF / P      (2.2b) 

 

QDSSCs also function like junction solar cells under dark and illuminated conditions 

and therefore, their performance parameters can also be obtained using the above 

equations. 

 

In a three-electrode measurement, conversion efficiency is measured as incident 

photon to current efficiency (IPCE). IPCE is a measure of ratio of charge carriers 

collected at the electrodes to the number of incident photons, also known as external 

quantum efficiency. IPCE at different wavelengths is determined from the short circuit 

photocurrents (Isc) observed at different excitation wavelengths using the expression [7]: 

 

  IPCE % = (1240 × Isc) / (λ × Iinc)  100   (2.3) 

 

where Iinc is the incident light power (i.e. the energy of the light incident on the 

electrode) and λ is wavelength. For an ideal solar cell, the Isc value can be determined 

from the IPCE data with the standard AM 1.5 spectrum. However, in QDSSC, the case 
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is not ideal. Thus the calculated Isc might be an approximation for the measured Isc 

under 1 sun (1000 Wm
-2

) [21]. 

 

2.2.3 Working mechanism 

 

 

Figure 2.4 Structure and operating principle of a typical QDSSC. Adapted from reference [20]. 

 

 A general structure of a QDSSC and its operation is depicted in Figure 2.4. The 

working mechanism of the QDSSC is very similar to that of the DSSC. When the QDs 

(CdX, X = S, Se or Te) are subjected to band gap excitation, upon illumination, 

electron-hole pairs are formed in the QDs. The electrons will enter into the conduction 

band (CB) of the QD and the hole remains in the valence band (VB). The excited QD 

injects the electron from its CB into the CB of the wide-bandgap semiconductor (e.g. 

TiO2) and in doing so it itself is oxidized with the hole remaining in the valence band. 

The injected electron from the QD percolates through the porous TiO2 network and 

ultimately reaches the conducting glass. From there it travels through the external load 

and completes the circuit by entering back through the counter electrode. The generated 



Chapter 2 

 16 

voltage is perceived as an evidence of the solar energy conversion to electric energy. 

This voltage corresponds to the difference between the quasi-Fermi level of the electron 

in the photoanode and the redox potential of the polysulfide electrolyte [30], which 

usually consists of a (S
2-

/Sx
2-

) redox couple. The oxidized QD is then restored (hole is 

filled with electron) when it is reduced by S
2-

 from the electrolyte and in turn it is 

oxidized back into Sx
2-

 that diffuses to the counter electrode. Chemically, the following 

reactions take place where oxidation occurs at the photoanode-electrolyte interface [35]: 

 

S
2-

 + 2h
+
    S      (2.4) 

S + Sx-1
2-

    Sx
2-

 (x = 2 to 5)     (2.5) 

 

At the counter electrode, reduction occurs where the Sx
2-

 is reverted back to S
2-

: 

 

Sx
2-

 + 2e
-
    Sx-1

2-
 + S

2-
     (2.6) 

 

The whole key processes of the photocurrent generation can be illustrated as in Figure 

2.5. It should be concluded that QDs have a photovoltaic response upon illumination 

which results in photocurrent and voltage generation. They have the tendency of 

charging up to a state that changes the relative energetics within the cell which 

ultimately influence the generation and recombination processes [36]. 
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Figure 2.5 Schematic of an energy diagram of a QDSSC stack under flat band conditions. Key processes 

leading to the generation of photocurrent are shown in (a) – (e). Illustration is based on the concept in 

reference [35]. 

 

 

2.3 Transport processes and properties of QDSSC 

 

2.3.1 Charge separation and transport 

 

 In the DSSC, charge separation occurs at the interface between wide-bandgap 

semiconductor/dye and electrolyte. For QDSSC, charge separation reactions are at the 

surface between the wide-bandgap semiconductor/QD and redox electrolyte. Upon 

illumination, the excited QDs will generate electron-hole pairs [37-39]: 
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  CdX + hv    CdX(e + h)     (2.7) 

 

where e and h denote electron and hole generated respectively. At the interface between 

TiO2 and the excited QDs, charge transfer takes place: 

 

  CdX(e+h) + TiO2    CdX(h) + TiO2(e)   (2.8) 

  CdX(h) + Red     CdX + Ox    (2.9) 

 

where Red and Ox are the reduced and oxidized conditions of the electrolyte. Thus, for 

CdX-TiO2 system with polysulfide redox couple, reaction (2.9) can be expressed as: 

 

  CdX(h) + S
2-

    CdX + S  CdX + Sx
2-

   (2.9a) 

 

It was reported that the electron transfer is size-dependent especially in QD-TiO2 system 

and that the charge injection dynamics are determined by the QDs [39]. Different pH 

electrolyte solution could also modulate the charge injection process when in contact 

with the photoanode as observed in fluorescence spectra reported by Chakrapani et al. 

[40]. They observed that the CB of TiO2 shifted to more negative potentials at higher 

pH value (more alkaline). This resulted in a decrease of the energy difference between 

CB band edges of QD and TiO2. Consequently, electron injection rate would be 

decreased. One interesting point to take note is that there’s no significant difference in 

the electron injection and recombination of injected electrons on the sizes of the QDs 

[41]. 
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2.3.2 Advantages of quantum dots (QDs) as sensitizers 

 

 Some of the advantages of QDs are tunable energy gaps, ability of multiple 

exciton generation, good photostability, low cost and high absorption coefficient, which 

is known to reduce the dark current and increase the overall efficiency of the solar cells 

[42]. Of all these, tunable energy gaps and multiple exciton generation features are the 

most desirable characteristics of the QDs [20-23]. 

 

2.3.2.1 Tunable energy gaps 

 

 The feasibility of QDs as sensitizers in QDSSC have been studied by various 

groups [22,23,31,43]. All the QD properties mentioned in the preceding sections are not 

only limited to Cd chalcogenides but applicable to other QD materials as well. The main 

motivation of using QDs as sensitizers in solar cell is due to their tunable energy band 

gaps, which can control their absorption range [19]. There are several reports in the 

literature showing that CdS and CdSe with tunable band gaps property are capable of 

converting visible light to electric energy [39,44]. Vogel et al. demonstrated that 

efficient charge separation can be optimized by tuning the size of the QDs utilizing the 

quantization effect [19]. Kongkanand et al. separately reported that by varying the size 

of CdSe QDs assembled on TiO2 films, improvement in photoelectrochemical response 

and photoconversion efficiency can be obtained (Figure 2.6) [39]. With the decrease of 

CdSe particle size, photocurrent increases due to the shift of the CB to more negative 

potentials which in turn increases the driving force for charge injection. As a result, 

higher IPCE is obtained at the excitonic band. On the other hand, QD particles will have 

better absorption in the visible region with the increase of particle size. The 
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disadvantage of this is lower effectiveness of electron injection into TiO2 as compared 

with smaller-sized CdSe QDs. 

 

 

Figure 2.6 Schematic diagram illustrating the energy levels of different-sized CdSe QDs and TiO2. (The 

injection of electrons from CdSe QDs into TiO2 is influenced by the energy difference between the two 

conduction bands. Note that band positions are for reference only and not to scale). Adapted from 

reference [39].  

 

This size dependent effect is made possible due to the quantum confinement 

effect exhibited by the QD itself [43,45]. Quantum confinement effect can be 

manifested when QDs in colloidal solution show different colour corresponding to the 

change of particle size, which influences a different absorption band of light. When the 

QD particles are sufficiently small, the effective band gap energy of the QD is wider. 

Subsequently, the optical absorptions and emissions in relation with excitations across 

the band gap shift towards higher energies [21]. Quantum size effects have been 

demonstrated by Gorer et al. with the observed blue shift of the optical spectra of CdSe 

films as the crystal size decreases [46]. This phenomenon is also highlighted in CdS 

QDs as reported by Thambidurai et al., where the same blue shift was observed in the 

optical spectra of smaller CdS QDs [47]. Therefore, it can be concluded that a 

combination of different QD sizes in a cell will have better efficiency due to wider 

absorption of light by the QDs which have different range of band gaps. 
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2.3.2.2 Multiple exciton generation 

 

 Multiple exciton generation (MEG) in QDs from a single photon have been 

studied previously by some groups [31,48-54]. MEG is the generation of more than one 

electron-hole pair upon the absorption of a photon. This phenomenon was first 

demonstrated in PbS and PbSe QDs systems in year 2004-2005 [48-50]. However, 

subsequent studies revealed that multiple exciton generation has not been detected in 

CdSe and CdTe QDs systems [55] although some latest investigations showed the 

possibility [53,56,57]. The process could be mediated by different mechanisms in CdSe 

nanoparticles. Essentially, multiple excitons are generated when hot carriers produce 

more than one electron-hole pair through impact ionization.  

 

Upon absorption of solar radiation, photon with energies greater than the band 

gap creates electrons and holes. At this point, the excess kinetic energy is equal to the 

difference between the photon energy and the band gap, which creates an effective 

temperature condition for the carriers. The temperature of the carriers is higher than the 

lattice temperature. Thus, the term hot carriers (or hot electrons and hot holes) is used. It 

is predicted that an efficient multiple exciton generation can enhance the conversion 

efficiencies of QDSSC up to 44% [58]. More details of MEG can be found in the review 

by Nozik [31]. 

 

2.4 Preparation of QD sensitizers 

 

 There are various methods for preparing QDs and attaching them to the wide-

bandgap semiconductor material [59]. Generally, these methods can be categorized into 
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two major methods: in situ fabrication and attachment of pre-synthesized colloidal QD. 

In situ fabrication method is the most used approach for QDs preparation. It is facile 

and low cost. Chemical bath deposition (CBD) and successive ionic layer adsorption 

and reaction (SILAR) are two well known in situ techniques. Not only the techniques 

are simple, but they also can be used in large scale production. However, these 

techniques do not allow precise control of the particle size distribution of the QDs.  

 

The other approach is to use pre-synthesized QDs (also known as ex situ 

fabrication). QDs are usually prepared ex situ and adsorbed on the wide-bandgap 

semiconductor surface by using molecular linkers that have various functional groups. 

QDs can also be deposited directly without using linker molecules. This technique 

enables the precise control over the size and hence the spectral absorption properties of 

the QDs. 

 

2.4.1 Chemical bath deposition (CBD) 

 

 In this method, nucleation and growth of QDs take place in one bath. Cationic 

and anionic solutions are prepared separately and placed in a container to form a bath 

solution. QDs are grown on the surface of the wide-bandgap semiconductor on an 

electrode surface by dipping the electrode into the bath solution for a defined period. 

Thus, the QDs deposition is controlled by varying the dipping time. This method has 

been used to attach CdS and CdSe QDs onto wide-bandgap semiconductors [33] 

although the reaction is slow. Recently, a new type of CBD approach has been 

introduced which is referred to as sequential CBD (S-CBD) [60]. This method is 

however, very similar to SILAR method described below. In a latest development, 

microwave assisted CBD is used and this method is capable of producing QDs that can 
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improve the short circuit current density as well as power conversion efficiency in 

QDSSCs [61,62]. Here the deposition of QDs is done with TiO2 electrode immersed 

into a sealed container containing a precursor aqueous solution. The container is then 

put into a microwave system for a suitable microwave treatment. The addition of the 

microwave step can spur faster nucleation and growth of QDs. Zhu et al. [61,62] claim 

that this procedure enable fast deposition of CdS layer which assists in suppressing 

carrier recombination at the surface defects of QDs as well as facilitate easy attachment 

of QDs.  

 

2.4.2 Successive ionic layer adsorption and reaction (SILAR) 

 

 SILAR method is an extension of CBD technique [63]. In this approach, cationic 

and anionic precursors are separately placed in two beakers or containers. TiO2 coated 

electrode is dipped into the cationic precursor solution followed by rinsing and drying. 

Then it is dipped into the anionic precursor solution and completed with a final rinsing 

and drying. The two-step dipping is regarded as one deposition or SILAR cycle. The 

size of the deposited QDs can be controlled by the number of dip cycles. Within a cycle, 

each dipping period can be tailored to achieve the desired particle size growth. The 

overall SILAR process can be illustrated as in Figure 2.7. This method is designed such 

that the particle size will increase by one monolayer during a dip or immersion cycle. 

SILAR is a better approach when compared with CBD because of its shorter processing 

time and close stoichiometry formation as reported by Senthamilselvi et al. [64]. This 

method has been successfully utilized to grow CdS, CdSe and CdTe QDs on the TiO2 

film [65,66]. In a recent work by Barcelo et al., SILAR has been shown to be 

advantageous when applied to ZnO mesoporous electrode due to its simplicity, 
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homogenous QD distribution, high QD coverage degree and high IPCE values obtained 

in QDSSCs [67].  

 

Figure 2.7 Illustration of SILAR process where QD is grown on the substrate by successive dipping and 

drying. 

 

 

2.4.3 Surface attachment through molecular linker for ex situ fabrication of QDs 

 

 For QD deposition via surface attachment, QDs are first pre-synthesized using 

capping agents. Capping agents are responsible in controlling the nanostructure shape, 

size and optical properties. Some examples of capping agent are mercaptopropionic acid 

(MPA), trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO). Synthesis is 

performed in a vessel where the metal precursor (e.g. CdO) is heated before the 

inclusion of the next organometallic precursor (e.g. TOP-Se solution). Removing the 

heat will stop the growth reaction. In other words, QD size is controlled via temperature 

and also the capping agent concentration. The QD growth needs to be monitored using 

UV/Vis spectroscopy. Thus, a series of experiments should be performed to determine 
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the size of the QDs formed at specific temperature and concentration of the capping 

agent. After the QDs are synthesized, the wide-bandgap semiconductor coated electrode 

is immersed in a solution containing bifunctional molecular linkers (in this case is the 

capping agent such as MPA). The immersion causes the functional group of the linker 

to attach onto the semiconductor surface while the other end of the functional group is 

available for QD attachment. Functional linking molecules assist in dispersing and 

stabilizing the QDs more effectively [68]. Subsequent immersion of the semiconductor 

electrode in a solution containing the QDs is required to allow the adsorption of QDs 

onto the semiconductor film surface. The immersion may last from few hours to a few 

days, which is a very time consuming process as compared with CBD or SILAR method. 

During the QD solution immersion, ligand exchange takes place. Figure 2.8 shows a 

schematic diagram of the process of molecular linking with QD and TiO2 surface. 

Synthesis of CdX (X = S, Se, Te) using linker via wet chemical route has been first 

demonstrated by Murray et al. [69].  

 

 

Figure 2.8 Linking QDs to TiO2 surface with a bifunctional molecular linker. Adapted from reference 

[37]. 

 

 

 

	

+	

HA	
BH	

HA	

BH	

HA	

BH	

Conducting	
glass	

TiO2	 Bifunctional	
linker	molecule	

		A	
BH	

		A	
BH	

		A	
BH	

Chemically	modified	
TiO2	layer	

		A	
BH	

		A	
BH	

		A	
BH	

+	

QD
s	

		A	
B	

		A	
B	

		A	
B	

Linker	attached	QDs	



Chapter 2 

 26 

2.4.4 Other methods 

 

 Besides CBD, SILAR and linker assisted assembly, QDs can also be prepared 

and attached via direct adsorption (DA) or physisorption. In DA, QDs are attached on 

the wide-bandgap semiconductor film without the assistance of a molecular linker. DA 

may lead to a high degree of QD aggregation in addition to a low surface coverage 

[70,71]. Interestingly, QDs prepared by DA method give higher IPCE values in 

QDSSCs compared to those obtained with QDs prepared with molecular linker assisted 

adsorption as reported by Guijarro et al. [71]. In their work, an IPCE of 36% at the QD 

excitonic peak was observed. 

 

 A less explored technique, physisorption, has been reported in the review by 

Rühle et al. [21]. In this technique, bare semiconductor electrodes (e.g. TiO2, ZnO) are 

dipped into solution of QDs up to 100 hours. Literature regarding this technique is 

somewhat limited. Nevertheless, photovoltaic cell performance with QDs attached via 

physisorption indicates a better result than the performance of cell with QDs prepared 

using molecular linker assisted adsorption. 

 

 In Wijayantha et al.’s work [72], CdS QDSSCs were assembled via a pressing 

route where a polymer film was placed on the top of the CdS deposited TiO2 layer, and 

the electrode was subsequently pressed between the two plates. The photoanode 

prepared via the pressing route has a tendency of experiencing partial loss or damage of 

the CdS layer. This method may also create regions that are inaccessible to the redox 

electrolyte. According to the authors, pressing route gives an alternative low cost 

method for the preparation of QD-sensitized photoelectrodes. 
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 Electrophoretic deposition, another new deposition technique which was used 

recently by Salant et al. [73] in 2010 has been able to generate high power conversion 

efficiency in CdSe QDSSCs. The reported efficiency of 1.7% at 1 sun was higher than 

those of the cells with QDs prepared with a linker technique. Interestingly, the absorbed 

photon to electron conversion efficiencies is not size dependent, which means that 

efficient electron injection can take place for larger QD sizes. Poulose et al. [74] have 

adopted a combination method of functional linker with electrophoretic deposition to 

fabricate CdSe QDs. This method has the advantage of obtaining better QD deposition 

onto TiO2 layers with reduced deposition time. This opens an alternative route for 

efficient QD deposition. 

 

QDs can also be prepared via spray pyrolysis deposition (SPD) [75-77]. In the 

case of a CdS QDSSC reported by Lee et al [75], CdS QD was deposited onto the TiO2 

layer via SPD using solution mixture of cadmium chloride and thiourea. The deposited 

CdS layer had a porous structure. The photoelectrode was then subjected to washing to 

remove the excess cadmium chloride. The performance of the QDSSC with QDs 

prepared by this technique is comparable with those of the cells prepared by other 

existing techniques. The good performance was mainly attributed to the large surface 

area of the formed CdS in contact with the electrolyte. Due to required high temperature 

(above 400°C) in the process coupled with low QDSSC performance, this method is not 

widely used by researchers. Other new alternative methods include electro-spray 

technique and spin-coating-based SILAR [78,79]. In electro-spray technique, QDs 

suspension is prepared and loaded in a syringe. A syringe pump feed the suspension 

through the needle at a constant flow rate. High voltage is applied to the needle so that a 

cone-jet is formed at the needle outlet. QDs suspension is then sprayed onto the TiO2 

film which is set perpendicular to the needle. This method is very similar to electro-
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spinning method. In spin-coating-based SILAR, both anionic and cationic precursors 

are dropped onto the TiO2 film surface. The sample is then spin-coated without rinsing 

and drying process. This process is repeated few times until a desired QD layer is 

formed. Spin-coating-based method proves to be simple and fast as compared with 

normal SILAR method. However, much optimization work is needed to obtain a 

comparable cell performance with the cell containing QDs prepared from normal 

SILAR method. 

 

2.5 Characterization of QDSSC 

 

 QDSSC device characterization can be grouped into 2 categories: steady state 

characterization and dynamic study (Figure 2.9). Steady state characterization is the 

most common method employed for basic solar cell characterization. Techniques used 

in this study include I-V curve measurement, UV-vis spectroscopy analysis and external 

quantum efficiency (IPCE) measurement. 

 

Figure 2.9 Device characterization technique for QDSSC. 
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 To further understand the physics behind the solar cell performance, dynamic 

study of the device is required. The study can be carried out either in time domain 

technique or frequency domain technique. Under time domain study, the most widely 

used techniques are charge extraction method, transient photocurrent decays (TCD), 

transient photovoltage decays (TVD) and ultrafast spectroscopy analysis (FOG, TA). 

On the other hand, frequency domain study is also popular due to its simple and fast 

data interpretation. The techniques include electrochemical impedance spectroscopy 

(EIS), intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated 

photovoltage spectroscopy (IMVS). Some of the techniques used in this thesis work are 

further explained in Chapter 3. 

 

2.6 Summary 

 

 QDSSCs have become a promising alternative for DSSCs due to the excellent 

properties of QD sensitizers. Among the wide variety of semiconductor materials 

available for QDs, Cd chalcogenide has been the preferred choice for many researchers, 

especially CdS and CdSe. Research activities have been focused in improving the 

overall efficiency of the QDSSC in recent years. In order to achieve improvements and 

breakthroughs in QDSSCs performance, focus should be channeled to the investigation 

of materials, surface treatments of photoanode and combined absorbers [80]. Given the 

limited range of materials that have been investigated so far, there are more avenues to 

explore and understand the use of new materials in improving the performance of 

QDSSCs. It is forecast that the efficiency of QDSSCs could achieve higher value at 

lower cost should the trend of third generation solar cell materialise. Although the 

power conversion efficiencies achieved are relatively high as reported in some articles, 

the variation in the reported values is mainly due to various methods and parameters 
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used in each research. This implies the possibility of more novel discoveries and 

innovative research in the near future. Nevertheless, the highest efficiency obtained has 

been increasing from year to year.  
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