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Abstract

The need to produce renewable energy with low production cost is indispensable in
making the dream of avoiding undue reliance on non-renewable energy a reality. The
emergence of a third-generation photovoltaic technology that is still in the infant stage
gives hope for such a dream. Solar cells sensitized by dyes, quantum dots and perovskites
are considered to be third-generation technological devices. This research focuses on the
development of suitable and reliable sensitizers to widen electromagnetic (EM) wave
absorption and to ensure stability of the photovoltaic system. This article discusses the
basic principles and the progress in sensitized photovoltaics.

Keywords: third-generation solar cells, sensitized solar cells, dye-sensitized solar
cells, quantum dot-sensitized solar cells, perovskite-sensitized solar cells

1. Introduction

Third-generation photovoltaics are able to produce high efficiency photon to electricity
conversion devices at a cheaper production cost. Solar cells based on pure Si forms were the
tirst-generation devices with an efficiency of ~27%. Due to the high production cost, research-
ers searched for new processes and materials that led to the second-generation solar cells
comprising copper indium diselenide, amorphous silicon, and polycrystalline solar cells.
Production was still expensive, as the fabrication process required a large amount of energy.
Production of the third-generation solar cell is cheaper and the cells are reasonably efficient.
There are several technologies classified as third-generation solar cell technologies. These
include solar cells sensitized by a dye material, solar cells sensitized by quantum dots (QDs)
and perovskite-sensitized solar cells. These solar cells have a similar structure consisting of a
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8 Nanostructured Solar Cells

photoanode, counter electrode (CE) and a medium for charge transport. The working principle
is also similar. Work on sensitized photovoltaics started during the 1970s with the use of
organic dyes as the sensitizer. Organic dyes can be natural or synthetic. Natural organic dyes
can be obtained from plant sources but the performance is poor and the efficiency is low. Apart
from natural organic dyes, synthetic organic dyes can give efficiency as high as 13%. Ruthe-
nium based dye is one of the synthetic organic dyes and is known to give good performance
with current density about 20 mA cm™. As development in dye-sensitized solar cells (DSSCs)
continues, an idea to replace organic dyes with inorganic sensitizers resulted in the emergence
of quantum dot-sensitized solar cells (QDSSCs) that utilize quantum dots or nano-sized
semiconductor crystals with a short band gap and a high extinction coefficient. Later, since
2009, researchers have begun to use perovskite materials as sensitizers. Perovskite works very
well with the solid-state hole transfer material and until now its efficiency has reached 21%.
However, perovskites are very moisture-sensitive materials and fabrication must be done in
very clean and controlled conditions. In sensitized solar cells, the photoanode is a very crucial
component because this is where the electrons are generated by the sensitizer. Photoanodes
will absorb photons, excite and transport electrons when illuminated. On exiting the photo-
anode, the electrons will be sent to the cathode and returned to the sensitizer via a hole
conductor or a redox mediator in the electrolyte. For DSSCs, the photoanode components are
the dye sensitizer, a mesoporous semiconducting oxide layer and a transparent conducting
oxide (TCO). Photoanodes for QDSSC and perovskite solar cells have similar components with
DSSCs except that quantum dot nano-sized semiconductor crystals and perovskite materials
act as the sensitizer. Another difference between them is the redox mediator used in the
electrolyte. QDSSC works well with the polysulphide electrolyte instead of the iodide based
electrolyte (as in DSSCs) because the iodide-based electrolyte will cause rapid degradation in
photocurrent due to the corrosive nature of the iodide ion on many semiconductor materials
including quantum dots. Perovskite solar cells use hole conductors instead of a redox mediator
electrolyte. Figure 1 illustrates progress of third-generation devices.
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Figure 1. Graphs showing progress of third-generation photovoltaics.
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2. Dye-sensitized solar cells (DSSCs)

DSSCs employ oxide semiconductors with wide band gaps and sensitizers that absorb
electromagnetic (EM) waves in the visible light. DSSC was first developed in 1972 as a
chlorophyll-sensitized zinc oxide (ZnO) electrode solar cell [1]. In 1976, an amorphous silicon
photovoltaic was reported for the first time by Carlson and Wronski, and its efficiency was
2.4% [2]. Subsequently, solar energy researchers began to give attention to DSSCs. However,
the main dilemma was that a single layer of dye molecules on the surface allowed only 1%
incident sunlight absorption that delayed further progress [3]. The breakthrough in DSSC
research was in 1991 [4]. The efficiency was 7.1%. About 80% of photons absorbed were
converted into electrical current. The cheap cost of production and the simple structure
inspired many researchers worldwide to improve the efficiency to a level deemed acceptable
for commercialization.

The DSSC operating principle may be compared to the process of photosynthesis with the dye
functioning as chlorophyll [4]. In DSSCs, the transport of charges (electrons) to the external
circuit begins when electrons exit the semiconducting network layer and ends when the redox
mediator in the charge transport medium returns them to the sensitizers. The purity of the
semiconducting material is not as crucial as in the earlier generation solar cells.

2.1. DSSC structure

Figure 2 shows the structure of a DSSC. The photoanode consists of a TCO substrate on the
top of which is deposited a semiconducting oxide layer (usually TiO,) and the dye sensitiz-
er. Actually, there are two TiO, layers. The first TiO, layer is a blocking layer to suppress
electron recombining with the ionized dye and/or the mediators. The second layer is meso-
porous TiO, of 20-30 nm thickness. These particles are larger than the blocking layer parti-
cles. The mesoporous TiO, layer thickness is about 10 um. A colloidal TiO, paste for the

TCO 3

Compact TiO, layer

Mesoporous TiO, layer
+

® Dye

TCO

Figure 2. Schematic diagram of the DSSC structure.
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second layer can be prepared by grinding TiO, of 21 nm size with nitric acid, a polymer of
low molecular mass (e.g. polyethylene glycol of molecular mass 200 g/mol) with a little sur-
factant. This paste will be deposited over the blocking TiO, layer and heated at ~450°C for
30 min. To ensure the dye adheres to the mesoporous TiO, layer, the TiO, films are soaked
in the dye solution overnight. The larger surface area of the mesoporous TiO, area allows a
greater amount of dye to be adsorbed on its surface. An electrolyte usually with an iodide/
triiodide couple is needed for DSSC. The electrolyte can be in liquid or gel form. A catalytic
active material (usually platinum) is required as the counter electrode to reduce the triio-

dide ion (I3 ) to the iodide ion (I').

2.2. Working principle of DSSCs

Figure 3 shows the energy levels in the working of a DSSC. The Fermi energy level of TiO, will
be aligned with the redox energy level when there is no light. Upon illumination, dye mole-
cules (D) attached to the mesoporous TiO, surface absorbs photons of energy, hv. Electrons in
the highest occupied molecular orbital (HOMO) of the dye molecules will be excited into the
lowest unoccupied molecular orbital (LUMO), see Eq. (1).
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Figure 3. Schematic diagram showing the kinetic processes at the TiO,/dye/electrolyte interface.

D+hv— D" light absorption (1)

Here, D" is the excited dye molecule. Electrons in the LUMO of the dye will be transferred to
the mesoporous TiO, within femtoseconds, ~107>s. This process is called electron injection.
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The Fermi level of TiO, will be increased towards the conduction band (CB). The dye molecule
is now in an oxidized or ionized state (D*), Eq. (2). The difference in the potential between the
Fermi and the redox levels will be manifested as the voltage of the device.

D" —e  +D" electron injection )

(Ti02)

The transferred electrons percolate through the interconnected nanocrystalline TiO, network
to the conducting substrate within milliseconds (107 s). For good performance of the DSSC,
this process has to be completed with the recombination reaction displayed in Egs. (3) and

(4)-

e +D"—>D 3)

(TiOZ)

26(_“02) +1; =3I (4)

Eq. (3) describes electron recombination with the ionized dye molecule and Eq. (4) describes
electron-triiodide ion recombination. Electrons exit the TCO substrate and travel towards the
counter electrode through the external circuit and reduce a triiodide ion in the electrolyte to
an iodide ion as shown in Eq. (5).

1. 3 _
513 +e (CE) —)EI (5)

The iodide ion diffuses to the photoanode and is oxidized back to a triiodide ion regenerating
the dye molecule in the process. This process occurs continuously as shown in Eq. (6).

D*+%I—>D+%I3 (6)

2.3. Dye sensitizer

The dye sensitizer is one of the important components of the DSSC. It works as an absorber of
light and produces electrons. For good light conversion into electricity, the dye or sensitizer
must have the following:

1. A broad absorbance spectrum of solar light for high photocurrent.

2. Anchoring groups such as carboxylate for attachment on the TiO, surface so that electron
transfer can occur from the LUMO of the dye to the TiO, CB.

1"
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3. In order for the electrons to be transferred to the oxidized dye molecules efficiently for
dye regeneration, the redox level has to be at more negative potential than the HOMO
potential of the dye. The LUMO has to be less positive compared to the TiO, CB for electron
injection.

4. The dye covering the TiO, surface should not stack on each other.

2.3.1. Ruthenium sensitizer

Desilvestro et al. [5] was the first to report the use of ruthenium complex tris(2,2'-bipyrid-
yl-4,4'-di-carboxylate)ruthenium(II) dichloride dye in DSSC. The percentage conversion of
absorbed incident photons to current (IPCE) for this DSSC was 44%. In 1991, O’'Regan and
Gratzel, reported IPCE of more than 80% from a DSSC using [Ru(2,2"-bipyridine-4,4'-dicar-
boxylicacid),(u-(CN)Ru(CN) (2,2"-bipyridine),),] dye adsorbed on a mesoporous, nanocrys-

talline TiO, surface. The electrolyte contained I /I, and the counter electrode was platinum

[6]. The efficiency of the DSSC was more than 7%. Nazeeruddin et al. [7] have prepared
several ruthenium(II) complexes. These sensitizers are cis-X,bis(2,2"-bipyridyl-4,4’-dicarbox-
ylate)ruthenium(Il) dye sensitizers. X comprises halide anions, CN~ and SCN". The cis-
di(thiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylate) ruthenium(Il) dye has been coded as
N3. Among all the ruthenium complexes, N3 is a better sensitizer for charge transfer. N3
absorbs a wide wavelength range in the visible light. It has four carboxyl groups that
strongly adsorb on the TiO, surface and has a long excited state lifetime. The IPCE value
exhibits more than 80% between 480 and 600 nm. The electrons are injected into the TiO, CB
via a metal-to-ligand charge transfer (MLCT) route as shown in Figure 4. According to Bry-
ant et al. [8], the carboxylated complexes exhibit two t, — ©* MLCT bands in the near UV
and visible region. The absorbance of Ru(2,2"-bipyridine-4,4'-dicarboxylicacid),(NCS),, i.e.
N3 dye at visible region, t, — 7* is higher than other dihalogeno derivative dyes [7].

Electron Ligand o* orbital
----- injection

Ligand n* orbital

MLCT

Metal d orbitals

Figure 4. Charge transfer route from dye to TiO,.
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The N3 dye was almost no match in terms of charge transfer ability until Nazeeruddin et al.
[9] developed the triisothiocyanato-(2,2":6',6"-terpyridyl-4,4',4"-tricarboxylato) Ru(II) tris(tet-
rabutylammonium) or ‘black dye” and coded as N749. The DSSC with black dye showed a
broader IPCE spectrum in the visible region compared to N3. The overall efficiency obtained
for this DSSC with black dye was 10.4% under 1 Sun illumination [10].

The substitution of two protons in the carboxyl group of N3 dye with tetrabutylammonium
cations resulted in [Bu,N],[Ru(4-carboxy-4-carboxylate-2,2'bipyridine),(NCS),] or N719 dye.
This dye exhibits a higher efficiency than N3 dye [11]. The higher efficiency is related to the
higher V. that resulted from the upshift of the TiO, Fermi level. However, the performance of
DSSC using N719 dye is still lower than the N749 since N719 does not absorb in the red. To
extend the EM absorption region, the dye can be tuned. This can be accomplished by intro-
ducing a 7* molecular orbital ligand and by using a strong donor ligand to destabilize the
metal t,, orbital [12]. By achieving this, the absorption range can be stretched from visible to
the near infrared region. Islam et al. [12] have synthesized ruthenium complexes containing
2,2"-biquinoline-4,4’-dicarboxylic acid where the 7* orbital is lower or at a more positive
potential than that containing 2,2"-bipyridine-4,4’-dicarboxylic acid. The DSSC using this
sensitizer exhibited lower efficiency due to the dye excited state being at a more positive
potential than the CB of TiO, This led to reduced electron injection driving force and lowered
the photocurrent. The nanocrystalline TiO, soaked in [Bu,N],[cis-Ru(4-carboxy-2-[2'-(4'-
carboxypyridyl)]quinoline),(NCS),] has been investigated by Yanagida et al. [13]. They found
that the IPCE spectrum extended up to 900 nm. Unfortunately, the maximum IPCE value
obtained for this dye is lower (~40%) compared to the N719 (~80%). This is due to the lower
LUMO which is 0.24 V below that of N719.

2.3.2. Porphyrin sensitizer

The porphyrin sensitizer also requires a binding group such as carboxylic acid and 8-
hydroxylquinoline (HQ) to adsorb efficiently the TiO, semiconductor [14]. The linkers
containing carboxylic acid or HQ can be located at f-positions or meso-positions or both (shown
in Figure 5).
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Figure 5. Basic porphyrin structure. The mesoposition is at C—CH=C and {-position is at C—CH=CH—C. The hydro-
gen at meso- and B-positions will be substituted by functional groups such as diarylamino, fluorene, etc.
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Kay and Gratzel were the first to report on DSSC using copper porphyrin [15]. The overall
efficiency was 2.6%. The development of porphyrin sensitizers for SSCs gained more attention
when Wang et al. [16] reported an efficiency of 5.6% under AM 1.5 illumination using zinc-
porphyrin as the sensitizer with the co-adsorbent chenodeoxycholic acid (CDCA). The
efficiency was increased to 7.1% reported by the same group for the zinc-porphyrin sensitizer
with the aryl group as the electron donor and malonic acid as the acceptor ,which is shown in
Figure 6 [17]. Since then, the research on development of the porphyrin sensitizer increased
rapidly. Park et al. [18] have shown that electron injection can be enhanced using two equivalent
ri-conjugated malonic acid linkers at the f-position. This led to higher J.
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Figure 6. Structure of malonic acid porphyrin substituted at the 3-position.

The serious dye aggregation problem for porphyrins on TiO, films compared with the
ruthenium complexes led to poor DSSC efficiency. The problem was solved by introducing
long alkyl chains and 3,5-di-tert-butylphenyl groups to the porphyrin ring at the meso-
position [19]. By attaching the diarylamino group to the porphyrin ring, the DSSC exhibits an
efficiency of 6.0% [20]. The efficiency was further enhanced to 6.8% by attaching two tert-butyl
groups in the diarylamino group instead of two long alkyl chains (CH,;) coded as YD2 and
co-adsorbed with CDCA. Bessho et al. [21] reported that the efficiency increased up to 11%
when a thin reflecting layer of 5 um thickness was coated on the TiO, and sensitized with the
YD2 sensitizer.

To further improve the performance of porphyrin based DSSC, light harvesting has to be
enhanced which means the HOMO and LUMO energy gap must be decreased. There are two
approaches: (1) to fuse or dimerize porphyrins and (2) by coupling a chromophore to the
porphyrin ring. Eu et al. [22] have fused two quinoxaline derivatives to the zinc porphyrin to
form 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)-6'-carboxyquinoxalino[2, 3-f] porphyrinato-
zinc (II) or ZnQMA and 5,10,15, 20-tetrakis(2,4,6-trimethylphenyl)-6',7'-dicarboxyquinoxali-
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no[2, 3-f]porphyrinatozinc (II) or ZnQDA. ZnQMA and ZnQDA based DSSCs exhibit the
efficiencies of 5.2% and 4.0% respectively. The IPCE spectrum for both porphyrin sensitizers
extended only up to ~700 nm. The fused porphyrin approach has successfully extended the
light absorption to wavelengths longer than that in the visible region (~1000 nm) for nickel
porphyrins fused with perylene anhydride as reported by Jiao et al. [23]. Unfortunately, the
overall efficiency obtained was only 1.36%. The reason for low performance is the dye
aggregation that resulted in the LUMO energy to be very close to the TiO, CB edge and the
short lifespan of the dye excited state.

The introduction of a highly conjugated m-extended chromophore at the meso-position can
enhance light harvesting of the porphyrin dye. Wu et al. [24] has modified porphyrin by
attaching fluorene, acenaphthene and biphenyl to one of the meso-positions. A broad IPCE
spectrum near 800 nm with stronger response in the 400-500 and 550-750 nm regions were
observed for DSSC using these three dyes. They observed that fluorenyl substituents showed
the highest efficiency (8.1%). A year before, the same group [25] showed that pyrene-func-
tionalized porphyrin exhibited an efficiency of 10.06% superior to N719 (9.3%). Dye aggregate
formation significantly limited the performance of the porphyrin based solar cell. In order to
further suppress dye aggregation, a long alkoxy chain zinc porphyrin was employed for
protection of the porphyrin core. In 2014, Mathew et al. [26] reported an efficiency as high as
13% for porphyrin-sensitized DSSC. The porphyrin was coded SM315. The mediator used for
this DSSC was Co(II/III).

2.3.3. Non-metallic organic dyes

Metal free or non-metallic organic dyes have been studied intensively to replace ruthenium-
based sensitizers in DSSC. The metal free organic dyes have a molar extinction coefficient that
is usually higher than Ru complexes [27-29]. Metal free dyes have opto-electronic properties
that are easily tuned and they are cheaper to produce [30]. The general design principle for
dye sensitizer is shown in Figure 7.
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In general, organic dyes can be grouped as neutral and ionic organic dyes. Examples of neutral
organic dyes are coumarins, triphenylamine, phenothiazine and indoline. Examples of ionic
organic dyes are squarylium, cyanine, hemicyanine and merocyanine.

Tian et al. [31] have synthesized organic dyes with phenothiazine (PTZ) as the electron donor
and rhodamine-3-acetic acid or cyanoacrylic acid as the electron acceptor. The DSSC utilizing
the dye with cyanoacrylic acid as the anchoring acceptor exhibited 5.5% efficiency. Marszalek
et al. [32] reported two novel organic dyes. The dyes comprised of electron donating 10-butyl-
(2-methylthio)-10H-phenothiazine with and without the vinyl thiophene group (VIP) as the
ni-bridge. The acceptor used is cyanoacrylic acid. With VTP, the IPCE value observed was up
to 80% in the wavelength range between 380 and 750 nm, whereas without VTP, the range was
between 380 and 650 nm. This results in higher .. and efficiency for the DSSC using the VTP
attached dye. The photocurrent density enhanced from 11.2 to 15.2 mA/cm? and the efficiency
reached 7.4%.

Coumarin-based dye is a promising sensitizer for DSSC because it has good photoelectric
conversion properties [33]. Wang et al. [33] reported that a DSSC using coumarin dye, 2-
cyano-3-(5-{2-[5-(1,1,6,6-tetramethyl-10-ox0-2,3,5,6-tetrahydro-1H, 4H, 10H-11-oxa-3a-aza-
benzo[de] anthracen-9-yl)-thiophen-2-yl]-vinyl}, -thiophen-2-yl)-acrylic acid exhibited an
efficiency of 8.2%.

3. Quantum dot-sensitized solar cells (QDSSCs)

As the research on DSSCs progressed, the idea of replacing dyes with QDs emerged. QDs are
nano-dimensional structures with a narrow band gap suitable for absorbing light in the visible
region. Therefore, when deposited over the mesoporous TiO, layer, the excited electrons in the
QDs can be transferred to the mesoporous TiO, Research on sensitization of a wide band gap
semiconductor by using a narrow band gap material such as dye started during the 1960s, but
QDs was used for wide band gap semiconductor sensitization for the first time in 1986 by
Gerischer et al. [34]. Advancement in research on sensitization led to DSSCs. Based on the
highly porous TiO, DSSCs introduced by O’Regan and Gratzel [6], QDs were introduced to
replace the dye [35-37]. Until now, a lot of research has been geared towards improving
QDSSCs performance. The highest efficiency recorded is now around 9% [38, 39].

There are several advantages of inorganic QDs over organic dyes. This is because inorganic
QDs are easy to produce and durable [40]. Moreover, the optical band gap of QDs is tuneable
[41]. Another special property of QDs is the production of at least two electron-hole pairs per
photon with hot electrons. This is due to the impact of ionization in the QD nano-sized
semiconducting material [42]. QDs can also reduce dark current and in doing so improve
working of the photovoltaic system. This is because the extinction coefficient of QDs is high
[43]. The theoretical efficiency for QDSSCs calculated by considering carrier multiplication due
to impact of ionization was 44.4% [44].

QDSSCs and DSSCs have a lot of similarities and some differences. The major difference
between these two is the sensitizer. QDSSCs utilize nano-sized semiconductor QDs and DSSCs
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utilize light absorbing dye. Another difference is material conformity. Some materials that
worked effectively in DSSCs are not compatible with QDSSCs and could give a bad impact on
the performance of the cells. Table 1 compares the components for DSSCs and QDSSCs.

Component QDSSCs DSSCs

Sensitizer Sensitizer used is inorganic quantum dots Sensitizer include organic dye such as
such as CdSe, CdTe, CdS, etc. ruthenium based dye, natural dye, etc.

Wide band gap A lot of work on QDSSCs utilized TiO, A lot of work on DSSCs utilized TiO, as one of

semiconductor as the one of photoanode components the photoanode components

Electrolyte Works on QDSSCs, employs the polysulphide =~ Works on DSSCs employs the iodide based
redox mediator in the electrolyte due to its redox mediator in the electrolyte due to its
stability towards quantum dot stability towards DSSCs performance

Counter electrode =~ Metal chalcogenides Platinum

Table 1. A straightforward comparison between QDSSCs and DSSCs.

3.1. QDSSC structure

Although progress has been made, the efficiency value of QDSSCs has not surpassed that of
DSSCs, which is 13% [26]. There is still a lot of improvement to be done in obtaining a better
material for QDSSCs. Figure 8 illustrates schematically the QDSSC device and its components.
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Figure 8. An illustration of QDSSCs with its three main components: photoanode, electrolyte and counter electrode.
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3.1.1. Photoanode

In works concerning QDSSCs, very frequently TiO, was utilized as the wide band gap
semiconductor compared to other oxides. Out of the many QDs chalcogenides, cadmium
chalcogenides (CdS, CdSe and CdTe) are most popularly used in QDSSCs [45-47]. Another
important component in QDSSC photoanodes is the passivation layer. The passivation layer
prevents electron recombination that can improve performance of QDSSCs since the short
circuit current density will not be reduced.

Chalcogenides of cadmium can easily be fabricated and have a tuneable band gap that can be
achieved by controlling their size [45, 48-50]. CdS, CdSe and CdTe chalcogenide QDs have a
band gap 2.3, 1.7 and 1.4 eV, respectively. Hence, incident light in the visible wavelength can
be absorbed up to ~540 nm for CdS, ~731 nm for CdSe and ~887 nm for CdTe. Figure 9 shows
the valence band (VB) and conduction bands of cadmium chalcogenide QDs and TiO,

-3.9 CdSe -3.8 TiO,

Energy vs vacuum (eV)

6+ _— 3.2eV

-7.4

Figure 9. Energy levels of cadmium chalcogenide QDs (CdS, CdSe and CdTe) and TiO,.

The use of two species of QDs in a single QDSSC has proven to enhance the efficiency, for
example, CdS/CdSe, CdTe/CdSe and CdTe/CdS combinations were used as sensitizers [43, 51,
52]. When CdS and CdSe make contact with each other, electron redistribution will occur
resulting in the CdS and CdSe band edge to shift to more or less positive potentials, respec-
tively. The shifting of the band edge is referred to Fermi level alignment [43]. This process
affects electron injection. The same process also happens in the combinations of CdTe/CdSe
and CdTe/CdS. Figure 10 shows how CdTe/CdSe and CdS/CdSe combinations produce an
effective electron injection. Application of co-sensitizing QDs in QDSSCs has shown excellent
performance compared to QDSSCs fabricated with a single QD sensitizer [43, 51, 52].
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Figure 10. Changing of the band edge level of QDs after electron redistribution of: (a) CdTe/CdSe and (b) CdS/CdSe.
This arrangement is necessary for electron injection from CdSe to CB of TiO, due to the alignment of the Fermi level.

Although tuning band gap with the size of the QDs is promising in enhancing performance of
QDSSCs, this may give rise to stability problem [53]. To avoid this, alloyed cadmium chalco-
genide QDs (AB,C,,, A=Cd, B and C =S or Se or Te) were used to tailor the band gap of the
QDSSCs without having to change the particle size [53, 54]. An example of alloyed cadmium
chalcogenide is CdTe,S, .. The band gap of the CdTe,S,, alloyed QD can be adjusted to the
range of visible light by changing the tellurium molar ratio and make it exhibit a high potential
in photovoltaic application [55]. Another excellent alloyed cadmium chalcogenide used in
QDSSCs is CdSe, Te,.,. CdSe,Te, has been utilized in QDSSCs by Ren et al. [38] and Yang et al.
[39]. Photon-to-electricity efficiency obtained was 9 and 9.4% respectively. Employment of
alloyed cadmium chalcogenide in QDSSCs have a very promising future since it will give a
better efficiency value and high stability towards performance of QDSSCs.

Even though QDs have many advantages as a sensitizer compared to organic dyes, the
efficiency recorded for QDSSCs is still lower compared to DSSCs. Excited electrons in QDs can
take one of three possible routes which are: (1) jump into the TiO, conduction band which will
be beneficial to the performance of the QDSSCs, (2) relax into the valence band by emitting
energy and finally (3) combine with redox mediator ions (recombination process) in the
electrolyte which are routes detrimental to the QDSSC performance. To overcome recombi-
nation, researchers have QDs coated on the surface with ZnS, 5iO, and amorphous TiO, (am-
TiO,) [38, 56, 57]. Ren et al. [38] have introduced a novel strategy to overcome recombination
by implementing three passivation layers am-TiO,/ZnS/SiO, resulting in 9% efficiency. Yang
et al. [39] utilized the CdS layer as a passivation layer to the CdSeTe QDs and achieved 9.4%
efficiency.

3.1.2. Electrolyte

Another important component in QDSSCs is the electrolyte. The electrolyte in QDSSCs
functions as a charge carrier transporter between the photoanode and the counter electrode
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done via the redox mediators. The redox species in the electrolyte are also responsible for
turning the oxidized QD species by donating an electron to the QDs. In QDSSCs, polysulphide

electrolytes with st /SJZC_ are widely utilized by researchers since they can give good

performance and stability [58—60]. Performance of QDSSCs can also be improved by utilization
of chemical additives in the polysulphide electrolyte. Park et al. [61] reported that by intro-
ducing sodium hydroxide (NaOH) into the polysulphide electrolyte of QDSSCs, V. and FF
can be increased.

Due to problems that arise from utilization of liquid electrolytes such as leakage and easy
vaporization, researchers have begun to use polymer electrolytes. However, the performance
of QDSSCs based on the solid polymer electrolyte [62, 63] is low compared to QDSSCs
fabricated with liquid electrolytes. This is because solid state electrolytes suffer from low ionic
conductivity. Another alternative to the liquid electrolyte is to use gel polymer electrolytes
(GPEs). GPE is very competitive since GPE based QDSSC performance is comparable with
QDSSCs fabricated with the liquid electrolyte [64-66]. Kim et al. [65] successfully fabricated
CdSe/CdS GPE based QDSSCs with 5.45% efficiency, which is comparable with QDSSCs based
on the liquid electrolyte. As the GPE based QDSSCs is comparable with QDSSCs fabricated
with the liquid electrolyte, utilization of GPE in QDSSCs will be an advantage in terms of
providing stability and overcoming problems that arise from liquid electrolytes.

3.1.3. Counter electrode

The counter electrode is another important component in QDSSCs. Electrons from the
photoanode are returned to the QD when the electrons react with the redox ions in the
electrolyte. In DSSCs, platinum (Pt) is the best material to be used as the CE due to its high
stability and high catalytic activity for the triiodide ion to be reduced into the iodide ion.
However, Pt CE does not work for QDSSCs. This is because Pt [67]:

1. isnot catalytic to the sulphide ion,
2. restrains the charge transfer to polysulphide ions and
3. can react with sulphur.

Hence, researchers look for alternative materials to be used as the CE such as noble metals,
carbon based materials and metal chalcogenides [68]. The highest efficiency are presently
exhibited by QDSSCs utilizing copper sulphide (Cu,S) as the CE (1 =9%) [39].

3.2. Working principle of QDSSC

Basically, QDSSCs working mechanism is identical with DSSCs. TiO, is used in the photoa-
node. Upon light incident, the QD sensitizers absorb photons to excite electrons into its CB
(photoexcitation). Electrons in the CB of QDs will be injected to the CB of TiO, and oxidized

QDs will be regenerated by receiving electron from § 2~ jons in the electrolyte [69]. From CB
of TiO,, electrons will leave the photoanode, enter the external circuit and reach the counter



Third-Generation-Sensitized Solar Cells
http://dx.doi.org/10.5772/65290

electrode where they will be received by SJZC ~ ions in the electrolyte (SJZC ~ transforms into
$27).

As the above process continues, electrons will keep moving through the cell and current is
produced. Figure 11 shows the working mechanism of QDSSCs where only electron movement
is shown. Red arrows in Figure 11 indicate the electron movement.
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Figure 11. This figure demonstrates the movement of electron starting from QDs excited due to photon absorption.

4. Perovskite-sensitized solar cell

Perovskite is a term for materials that have a similar crystal structure to calcium titanium oxide
(CaTiO;), thatis, ABX; where A and B are cations and X is an anion. A is typically a large cation,
such as ethylammonium (CH;CH,NH;") [70], formamidinium (NH,CH=NH,") [71] and
methylammonium (CH;NH;") [72]. B is a cation metal of carbon family, such as Ge*, Sn** and
Pb* and anion X is a halogen (F, Cl, Br and I).

Perovskite cells are typically fabricated with two structures which are mesoporous and planar
structures.

4.1. Mesoporous structure

The mesoporous structure consists of a transparent conducting oxide (TCO) substrate coated
with an oxide semiconductor compact layer, mesoporous metal oxide (e.g. TiO,, AlLQO;),
perovskite sensitizer, hole conductor and gold conductor.
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Kojima et al. [73] reported the first perovskite material (CH;NH,;PbBr; and CH;NH,Pbl;) used
as a sensitizer in photoelectrochemical cells. The cell consists of mesoporous TiO, film having
8-12 um thickness, iodide/triiodide redox couple liquid electrolyte and platinum counter
electrode. The band gap CH,;NH,PbBr;is 1.78 eV and that of CH;NH,Pbl;is 1.55 eV. They have
reported that the solar cells using CH;NH;PbBr; and CH;NH,;Pbl; sensitizers exhibit the
efficiencies of 3.13 and 3.81%, respectively. TiO, sensitized with orthorhombic
(CH;CH,NH;)Pbl; has been reported by Im et al. [70] to have an optical band gap of 2.2 eV. The
cell using the (CH;CH,NH;)Pbl,; sensitizer and the electrolyte with the iodide/triiodide redox
mediator exhibits an efficiency of 2.4%. Based on the work done by Kojima et al. [73], Im et al.
[74] have investigated the effect of TiO, film thickness on perovskite photovoltaic performance.
The cell with 8.6 um thick TiO, film exhibits an efficiency of 3.37% comparable with that of
Kojima et al. [73]. The performance of the cell increases when the TiO, film thickness decreases.
The cell with 3.6 pum thick TiO, film exhibits an efficiency of 6.2%. Unfortunately, the cell
exhibited poor stability due to perovskite decomposition and degraded within minutes. In
2012, the stability of CH;NH;Pbl;-sensitized solar cell over 500 h has been reported by Kim et
al. [72]. They have substituted the liquid electrolyte that was previously tried by Kojima et al.
[73] with a solid state hole transport layer (spiro-MeOTAD). Their results also support the work
done by Im et al. [74] where the efficiency of the cell increased with the decrease of TiO,
thickness and the highest efficiency of 9.7% observed for the cell having TiO, thickness of 0.6
um. Based on the impedance spectroscopy results, they found that the dark current and
electron transport resistance increased with the increase in TiO, film thickness. Koh et al. [71]
have synthesized a novel (NH,CH=NH,)Pbl; perovskite with an energy band gap of 1.47 eV.
Although the band gap of (NH,CH=NH,)Pbl; is smaller compared to that of CH;NH,Pbl; the
efficiency of the cell is only 4.3%. The low efficiency is attributed to the energy level mismatch
between TiO, and the perovskite. The working mechanism of the above perovskite photovol-
taics is expected to be similar to DSSC ( Figure 12a) where the perovskite absorbs light, injects
electrons to the CB of TiO, and holes to the solid state hole transport material (HTM).

Compact layer

Compact layer Perovskite Compact layer
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HTM
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(a) Perovskite dot (b) Meso superstructure (c) Inert scaffold

Figure 12. Mesoporous structure of perovskite solar cell. (a) Perovskite dot: the structure is similar to DSSC. (b) Meso
superstructure: the CB of the oxide semiconductor used is higher than the perovskite material and its surface is coated
completely. (c) Inert scaffold: the perovskite fills the pores and makes a thin layer on the top of TiO,.
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Lee et al. [75] have constructed a meso superstructure ( Figure 12b) of an organometal halide
perovskite solar cell. This structure can be obtained by controlling the perovskite precursor
concentration. The cell consists of mesoporous n-type TiO,, CH;NH;PbI,Cl and p-type spiro-
OMeTAD hole conductor. The cell exhibited an efficiency of 7.6%. The efficiency was
increased up to 10.9% with the substitution of TiO, with Al,O;. For the TiO, based perovskite
solar cell, electrons in the CH;NH;PbI;Cl sensitizer is expected to be injected to the CB of
TiO, and transported to the FTO electrode whereas holes will be transferred to the spiro-
OMeTAD layer. In the case of Al,O;-based perovskite solar cell, electrons will be transferred
through the perovskite because Al,O; has a wider band gap (7-9 eV) and the CB of AL,O; is
higher than CH;NH;PbI;Cl. This shows that the perovskite layer functions as an absorber and
n-type component. The authors also reported that the electron diffusion through perovskite
is faster than in TiO, and thus leads to a higher efficiency. The Mesoporous scaffold structure
where the perovskite filled up the pores and formed a dense layer on top of mesoporous
TiO, ( Figure 12c) has been reported by Heo et al. [76]. For this structure, they have shown
that the CH;NH,PbI; can act both as a light harvester and as a hole conductor which was also
previously reported by Etgar et al. [77]. The excitation of CH;NH,Pbl; produced excitons,
which was then dissociated via electron injection at the TiO,/CH,;NH,Pbl; interface. Injected
electrons are transported to the FTO electrode through the TiO, network and holes are
transported through perovskite to HTM and finally arrive at the Au electrode. The highest
efficiency reported by Heo et al. [76] was 12% for the cell configuration of FTO/mesoporous
TiO, layer/CH;NH,Pbl,;/poly-triarylamine/Au. By blending TiO, nano-particles with
nanorods, the efficiency increased up to 15% [78].

4.2, Planar structure

The planar perovskite solar cell architecture is similar to the mesoporous structure except for
the mesoporous metal oxide.

n-type thin film

FTO Perovskite [HTM
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—~

........... e Au
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Figure 13. Planar structure of perovskite solar cell. No mesoporous structure involved.

Lee et al. [75] have shown that the perovskite photovoltaic system can still function without
the non-blocking TiO, layer. Hence, the planar p-i-n and the p-n junction perovskite structures
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are possible to construct. Figure 13 shows an example of the p-i-n junction perovskite solar
cell, which consists of an n-type compact metal oxide thin layer, intrinsic perovskite layer and
p-type HTM layer. This structure has been demonstrated by Liu et al. [79] using n-type TiO,
compact layer, perovskite CH;NH;Pbl, Cl, and p-type spiro-MeOTAD. They used vapour
deposition technique to deposit the perovskite layer and reported an efficiency of 15%.
Murugadoss et al. [80] have reported an efficiency of 8.38% for the CH;NH,Pbl; perovskite
solar cell using SnO, as the compact layer and the CuSCN as hole conductor. The first hole
conductor free perovskite solar cell with an efficiency of 5.5% was reported by Etgar et al. [77].
The cell configuration was FTO/compact TiO,/TiO, nanosheet/Perovskite/Au. A year later, the
efficiency increased to 8% as reported by the same group after the TiO, nanosheet has been
replaced with thinner TiO, film [81].

4.3. Lead free perovskite solar cell

Perovskite cells have shown a high efficiency of 21%. The perovskite material is very absorptive
and moisture sensitive. The main problems are stability and lifetime. Perovskite solar cells are
even less stable than organic polymer photovoltaics. Lead is also poisonous and has to be
substituted by some other friendlier materials, like Sn. These are among the main challenges
faced by researchers. The absorption of tin halide perovskite has been reported up to 1000 nm
[82]. By partially substituting lead with tin (CH,;NH,Sn,Pb,_I;), the band gap can be reduced
by increasing the Sn concentration. Hao et. al [83] has reported an efficiency of 7.37% for
CH;NH;5n5Pby 13 and 5.44% for CH;NH,Snl; perovskite solar cell. Germanium (Ge?*)
perovskites of the form, CsGeX; (X = CI', Br,, I') with a rhombohedral structure and R3m
symmetry is another candidate for perovskite photovoltaics. However, the maximum
efficiency of 3.2% is still far below the performance of CH;NH;PbI; perovskite. Orthorhombic
(C,HgNHs;),Gel, is another variation of Ge-perovskite. This material shows a photolumines-
cence signal in the red. Stability is still an issue of concern.

5. Summary

The third-generation-sensitized solar cells have proved that they have the potential to compete
with the conventional silicon based photovoltaics. The use of cheap materials with high
performance make third-generation-sensitized solar cells a bright candidate as a future
photovoltaic technology compared to other third-generation solar cells. The sensitized
photovoltaic started with the emergence of DSSC using mesoporous nanocrystalline TiO,
sensitized with the ruthenium based dye molecule. Since then, the molecular engineering of
the dye molecules are extensively studied to improve the DSSC performance. The sensitizer
used in the photovoltaic device evolved from organic (dye) to inorganic (quantum dot) and
hybrid organic-inorganic (perovskite) sensitizer. The tuneable energy band gap of quantum
dots enables them to produce multiple electron-hole pairs per photon. The progress in the
performance of perovskite solar cells is very promising. In the beginning, the efficiency of the
perovskite solar cell was less than 4%. The efficient reached around 20% within less than 10
years. However, the stability and toxicity issues of lead have to be solved before they can be
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commercialized. Tin-based perovskite solar cell is already under investigation to replace the
toxic lead.
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