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Abstract
Solar cells were fabricated using lead sulfide (PbS) quantum dots (QDs) to sensitized
nanocrystalline TiO2 layer. The nanostructured layer of the TiO2 was examined by
scanning electron microscopy and X-ray diffraction spectroscopy. The data confirm
the formation of nanostructured particles of sizes less than 50 nm. PbS quantum dots
of three different sizes were used as sensitizers, and their absorption spectra were
determined in order to characterize the optical properties of the cells. Current injection
mechanisms and confinement effect on the electronic and optical properties of the
cells were discussed. A model was developed to highlight the structure and operation
of the cell. The I–V characteristics were measured either for specific size or mixed
sizes of quantum dots. Power conversion efficiencies of up to 4.47% were obtained
for cells using QDs of 3.2 nm radius as sensitizers.

1. Introduction

For many decades, amorphous silicon and its alloys were among the best candidates of
low cost solar cells [1-3]. Since the pioneering work of Grätzel in 1991 in developing dye
synthesized solar cells, photoelectrochemical photovoltaic cells became the subject
of intensive research work with promising solar efficiencies and reduced cost. These
cells consist of a photoelectrode, a redox, an electrolyte, and a counter electrode
[4]. A variety of dyes were used as sensitizers that absorb visible light. The excited
electrons are then injected in the conduction band of a high gap semiconductor [5-
10]. ZnO electrode sensitized by organic dyes including rose Bengal fluorescein and
rhodamine, was first studied by Gerischer and Tributsch [11-12]. The realization of
high performance nanoporous TiO2 thin film electrodes announced a new era in the
development of efficient synthesized solar cells. Photosensitizers such as Ru bipyridyl
complexes were shown to be capable of absorbing radiation covering a wide range
of the solar spectrum. Solar energy efficiencies of 11% under AM1.5 irradiation using
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nanocrystalline TiO2 thin film electrode have been reported [13]. Other materials such
as ZnO2 nanowireswere proposed to replace both porous and TiO2 nanoparticles-based
solar cells [14]. The idea of injection of electrons in a wide bandgap semiconductor
using a photosyntisizer is a key concept in developing photoelectrochemical photo-
voltaic cells [15]. We investigate in this work the use of PbS quantum dots (QD) as
a source of electron injection in TiO2porous thin film. Quantum dots are nanocrystals
exhibiting a high degree of confinement, and extremely sharp density of state function.
They have the outstanding property that their energy gap, and consequently their
absorption threshold, depends on their sizes [16-18]. By choosing the right size of the
QD, we can monitor the electron injection in the conduction band of the TiO2 thin film.
Furthermore, the possibility of creatingmultiple exciton by a single high energy photon
has also revived the interest in these materials [19-20]. In this work we replace the
natural dye extracts we reported [21-22] with QDs of different sizes as a source of
electron injection.

Recently, many research works on QD synthesized solar cells have been published.
The bulk of this work focuses on CdS, CdSe, and CdTe QD as synthesizers [23-25].
The choice of these materials follows the success of earlier studies on identifying the
morphological and electrolyte effects on their performance and stability [26-27]. Inter-
esting results have been reported by some investigators who studied the incorporation
of a layer of PbS quantum dots in thin film solar cells, by direct growth of PbS quantum
dots on nanostructured TiO2 electrodes [28]. Deposition of a transition metal oxide (n-
type) layer on grown layer of PbS quantum dots to act as hole extractor layers [29], or
employing a graded recombination layer [30].

In this work we used colloidal PbS quantum dots as sensitizers for nanostructured
TiO2 layer, and demonstrate the effect of their sizes and other design parameters on
the cell performance. The configuration and adherence of QDs to the TiO2 nanostruc-
tured thin film is illustrated schematically in Figure (1). In our approach to optimize the
cell performance, we compare the efficiency obtained for the present systemwith that
published elsewhere using similar QD synthesized based systems.

In the first part of this work we describe the preparation of nanostructured TiO2

layer, followed by the process of QD application to its surface. In the second part we
describe the photovoltaic cell preparation using various sizes of PbS quantum dots. In
the last part we examine the structural, optical, electrical, and photovoltaic properties
of the PbS QD sensitized photovoltaic cells.
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Figure 1: Schematic representation of the random distribution of QDs adhered to the TiO2 nanocrystalline
film.

2. Structure and Operation of QD Sensitized
Photovoltaic Cell

The structure and operation principle of QD sensitized photovoltaic cell is almost iden-
tical to dye sensitized cells [31] with the exception that now the QDs are the source
of current injection. The structure of the photovoltaic cell is shown schematically in
Figure (2). In this figure, we distinguish four essential elements of the cell, namely,
the conducting and counter conducting electrodes, the nanostructured TiO2 layer, the
quantum dot energy levels, and the electrolyte.

The operation of the cell can be described by the following steps and the corre-
sponding process equations:

1. Upon absorption of a photon, a quantum dot is excited from the ground state
(QD𝑆) to a higher energy state (QD*

S), as illustrated by Eq.(1) below.

Excitation process ∶ QDS +h 𝜈 → QD*
S (1)

Where QD𝑆 and 𝑄𝐷∗
𝑆 is the quantum dot in its ground state and excited state

respectively.

2. The absorption process results in the creation of electron-hole pair in the form
of exciton. Dissociation of the exciton occurs if the thermal energy exceeds its
binding energy.

Exciton dissociation ∶ QD*
S → e- *+ h+ *(free carriers) (2)
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Figure 2: Schematic diagram illustrating the structure and operation of quantum dots-synthesized solar
cell.

3. The excited electron is then injected in the conduction band of the wide bandgap
semiconductor nanostructured TiO2 thin film. This process will cause the oxidation
of the photosensitizer (The QDs).

Injection process ∶ QD*
S+ TiO2 → TiO2(e

-*)+ QD+
𝑆 (3)

4. The injected electron is transported between the TiO2 nanoparticles, and then
gets extracted to a load where the work done is delivered as electrical energy.

Energy generation: TiO2(e
− ∗) + C.E. → TiO2+ e− ∗ (C.E.) + elecrical energy (4)

Where C.E. stands for counter electrode. The counter electrode is identical to
the photoelectrode where the nanostructured TiO2is deposited. The counter elec-
trode is usually coated with a catalyst (graphite).

5. The electrolyte used in the cell contains I−/I3− redox ions, that play the role of
electron mediator between the TiO2 photoelectrode and the counter electrode.
Therefore, the oxidized photosensitizer states (QD+

S) are regenerated by receiving
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an electron from the oxidized I− ion redoxmediator, regenerating the ground state
(QD𝑆), and I− becomes oxidized to the oxidized state I3− (triodide ions).

Regeneration of QDs: QD+
𝑆+

3
2
I- → QD𝑆 +

1
2
I-3 (5)

6. The I3−diffuses to the counter electrode and substitutes the internally donated
electron with that from the external load and gets reduced back to I− ion.

Electron capture reaction:
1
2
I-3 + e- (C.E) → 3

2
I- + C.E. (6)

Overall, generation of electric power in this type of cells causes no permanent
chemical transformation.

To enhance electron injection into the conduction band of the TiO2 layer, onemust
choose a sensitizer with a proper matching energy gap. Quantum dots can fulfill
the necessary energy gap requirement by choosing the ones with the right size.
It is interesting to note that for the QD to effectively accept the donated electron
from the redox mediator. Finally, the maximum potential produced by the cell is
determined by the energy separation between the electrolyte chemical potential
(E𝑟𝑒𝑑𝑜𝑥) and the Fermi level (E𝐹 ) of the TiO2 layer, as shown in Figure 2.

3. Quantum Dots Energy States and Confinement Effect

Quantum dots can be treated as zero dimensional bulk solid. The density of states can
be represented in this case by a delta function, as illustrated in Figure (3-a). In this
system only discrete energy levels are allowed with a specific wave vector k value for
each allowed energy state (Fig. 3-b, 3-c). In the solar spectrum, a high energy photon
can producemultiple electron-hole pairs. In this process an energetic photon can excite
an electron in the valence band producing an electron-hole pair. The excited electron
may produce additional electron-hole pairs by impact ionization [32].

The energy gap of a QD can be estimated as the sum of the band gap energy, the
confinement energy, and the bound exciton energy. The band gap energy is deter-
mined by the size of the quantum dot. In strong confinement regime, the size of the
QD is smaller than the exciton Bohr radius 𝑎𝐸𝐵𝑅, where the energy levels split up. In
this case we have,

𝑎𝐸𝐵𝑅 = 𝜀𝑟(
𝑚
𝜇) 𝑎𝐵 (7)
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Figure 3: a) Energy density of states in QDs is represented by delta functions. b) Due to confinement effect
the energy gap is larger than that of the bulk material. c) Allowed energy in QD are ideally those of an
infinite quantum well.

wherem is themass,𝜇 is the reducedmass, 𝜀𝑟 is the size dependent dielectric constant,
𝜖0 is the permittivity of free space, and 𝑎𝐵 is the Bohr radius. The total energy released
in the emission can thus be written as,

𝐸total = 𝐸bandgap + 𝐸Confinement + 𝐸Exciton (8)

Where

Hence, according to [18], the last two terms in Eq. (8) are,

𝐸Confinment =
ℏ2𝜋2
2𝑎2 (

1
𝑚𝑛

+ 1
𝑚𝑝)

= ℏ2𝜋2
2𝜇 𝑎2 (9)

and

𝐸exciton = − 1.8 𝑒2
2𝜋𝜀𝜀𝑜𝑎

(10)

In the above equations m𝑛 and m𝑝 are the electron and hole effective masses respec-
tively, and a is the QD radius. Other quantities are as defined above.

The above simplemodel shows that the energy of QDs is dominated by the quantum
confinement effect (Eq. 9), where the energy varies inversely with the square of the
QDs radius.

4. Experimental

Several methods have been employed to prepare TiO2 layers. We prepared nanostruc-
tured layer following the procedure detailed in [5, 6, 9]. In this method, a suspension of
TiO2 is prepared by adding 9 ml of nitric acid solution of PH 3-4 (in ml increment) to 6
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g of colloidal P25 TiO2 powder in mortar and pestle. To get a white free flow-paste, we
added 8 ml of distilled water (in 1 ml increment) during the grinding process. Finally,
a drop of transparent surfactant is added in 1 ml of distilled water to ensure uniform
coating and adhesion to the transparent conducting electrode.

Doctor blade technique was employed by depositing the TiO2 suspension uniformly
on a cleaned (rinsed with ethanol) electrode plate. The TiO2 layer was allowed to
dry for few minutes and then annealed at approximately 450∘C (in a well ventilated
zone) for about 15 minutes to form a porous large surface area TiO2 layer. The layer
is then allowed to cool slowly to room temperature. This is a necessary condition to
remove stresses and avoid cracking of the glass or peeling off the TiO2 layer. Investi-
gation of the formation of nanoporous TiO2 layer was confirmed by scanning electron
microscopy (SEM) and X-ray diffraction measurements. Once the TiO2 nanocrystalline
layer is prepared, it is coatedwith PbS QDs suspended in toluene. The counter electrode
is coated with graphite that acts as a catalyst in redoxing the excited quantum dots.
Both the photo- and the counter electrode are clamped together and drops of elec-
trolyte are applied to fill the clamped cell. The electrolyte used is iodide electrolyte (0.5
M potassium iodide mixed with 0.05 M iodine in water free ethylene glycol) containing
a redox couple (traditionally the iodide/tri-iodide I−/I−3 couple). The measurements of
the open circuit voltage and short circuit current have been performed using home-
made solar simulator. A glass sheet has been placed above the cell in order to eliminate
or prevent overheating effect. No antireflection coatings on the photoelectrode have
been used.

5. Results and Discussion

5.1. Nanocrystalline structure of TiO2 thin film

Optical measurements demonstrate the effectiveness of sensitizing TiO2 nanocrys-
talline layers using different sizes of lead sulfide QDs. The TiO2 layers were first
annealed, and their nanostructure properties were then examined by scanning elec-
tron microscope (SEM) measurements. Figure (4) shows the nanocrystalline mor-
phology of the TiO2 thin film after sintering. Figure (5) shows the X-ray diffraction
measurement conducted on our samples. It confirms the formation of nanocrystalline
particles with sizes less than 50 nm [9].
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Figure 4: SEM image of nanocrystalline TiO2 annealed at a temperature of 550∘C.

Figure 5: X-ray diffraction measurements of TiO2 layer before and after annealing.

5.2. Absorbance spectra of quantum dots

Figure (6) shows the absorbance of three different sizes of PbS QDs suspended in
toluene as a function of wavelength. The measurements were performed using dual
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beam UV-VIS spectrophotometer (Shimadzu, model UV-3101). The spectrum is char-
acterized by discrete absorption peaks indicative of the quantum confinement effect.
As the size of the QDs increases, the absorbance shifts to longer wavelength. These
measurements ensure the effectiveness of PbS QDs as a possible sensitizer. It is to be
noted that PbS QDs of 3.2 nm radius are the most appropriate absorber in the visible
as well as the near infrared region of spectrum. This feature is of great importance in
choosing the most effective sensitizers in our photovoltaic cell.
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Figure 6: Wavelength dependence of the absorbance of PbS QDs for three different sizes.

5.3. Current injection in TiO2 thin film

Quantum dots adhering directly to the TiO2 layer and are exposed directly to applied
illumination could deliver readily an electron from the excited state to the conduction
band of the TiO2 layer after surmounting a certain potential barrier at the interface. Two
possible mechanisms of current injection are reported [33, 34]. The first is tunneling
of electrons across the energy barrier, and the second is the Poole-Frenkel effect
resulting from the enhancement of thermal activation due to reduced barrier height
under the field [35]. The effectiveness of these processes is determined by the height
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of the barrier formed between QDs (depending on their energy gap) and the TiO2

nanostructured layer.

For non-uniform distribution of QDs we expect having groups of these accumulated
in patches where only certain of them are exposed directly to applied illumination.
Once a QD of this group is excited, an electron could tunnel to adjacent QD or could
follow a non-radiative path and finally lost to the system. Figure (1) shows a schematic
representation of QDs distribution on the TiO2 nanocrystalline film.

5.4. Effect of counter electrode coating on the I - V characteristics

Figure (7) shows the applied voltage-photocurrent characteristics of quantum dot sen-
sitized photovoltaic cell (QDSPC) at room temperature. The cell was fabricated using
non-annealed TiO2layer as well as without carbon coating of the counter electrode. For
non-coated counter electrode the open circuit voltage remains relatively high whereas
the short circuit current is dramatically quenched. The open-circuit voltage for cell
with 5 nm size PbS QDs is about 273 mV, whereas the short circuit current reaches
approximately 10.2 𝜇A. Drastic improvement of the I-V characteristics is obtained for
carbon coating of the counter electrode, as demonstrated in the next section.

5.5. Enhanced I-V characteristics of QDs synthesized solar cell

Figure (8) depicts the I-V characteristics of PbS QDs of different sizes. The photocurrent
is maximum for a given intermediate size of the QDs. In our case the best result was
obtained for 3.2 nm QDs. This behavior seems surprising at first sight, but could be
easily explained once a thorough investigation of the spectral response of various
elements constituting the cell is considered. This result will be further discussed in the
next section. For quantum dots of mixed sizes the photocurrent drops by a factor of
3.5 and the open circuit voltage by a factor of 1.3 with respect to the 3.2 nm radius QD
based cell, as illustrated in Figure (8).

5.6. Efficiency of PbS QDs sensitized solar cell

There are three important parameters that characterize the performance of a solar cell.
These are the open-circuit voltage (V𝑜𝑐), the short circuit current (I𝑠𝑐), and the fill factor
(FF). However, the fill factor is also a function of V𝑜𝑐 and I𝑠𝑐 . Therefore, these last two
parameters are the key factors for determining the cell’s efficiency.
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Figure 7: I-V characteristic of QD synthesized solar cells without carbon coated counter electrode.

Under ideal conditions, each photon incident on the cell with energy greater than
the band gap will produce an electron flowing in the external circuit. Upon illumination
the I-V characteristics are shifted down by the light generated current I𝐿. Ideally, the
short-circuit current I𝑠𝑐 is equal to I𝐿. In this case, the open circuit voltage is given by

𝑉𝑂𝐶 = 𝑘𝑇
𝑞 ln(

𝐼𝑠𝑐
𝐼𝑜

+ 1) (11)

where I𝑜 is the reverse saturation current, T is the temperature in Kelvin, and k is the
Boltzmann constant.

The fill factor is determined from the maximum area of the I-V characteristics under
illumination and the short circuit current and open circuit voltage, or

𝐹𝐹 =
𝑉𝑚𝑝 𝐼𝑚𝑝
𝑉𝑜𝑐 𝐼𝑠𝑐

(12)

where V𝑚𝑝 and I𝑚𝑝 are the operating point that will maximize the power output. In this
case, the energy conversion efficiency is given by

𝜂 = 𝑉𝑜𝑐 𝐼𝑠𝑐 𝐹𝐹
𝑃𝑖𝑛

(13)
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Figure 8: I-V characteristics of PbS QDs solar cells of different sizes and of mixed combinations.

where P𝑖𝑛 is the input power. Table 1 depicts the short circuit current, the open circuit
voltage, the fill factor, and the efficiency for cells of different sizes quantum dots.
As the size of the QD is reduced, the open circuit voltage, the photocurrent, the fill
factor, and consequently, the efficiency of the cell is reduced. For non-annealed cell, the
efficiency is reduced by about three orders of magnitude, the open circuit voltage by a
factor of 15, and the short circuit current by a factor of 63. This implies the importance
of annealing to optimize the structural requirement for achieving high current injection
efficiency. The best power efficiency of 4.47%was obtained for the 3.2 nm radius QDs.
For this particular size the effectiveness of current injection is the most promising.
Cells based on QDs of mixed sizes have the lowest efficiency. Reported efficiencies in
recent published work using either depleted heterojunction colloidal QD solar cells [36]
or improved lead sulphide QD solar cell using n-type transition metal oxide [37] give
comparable values. It seems unlikely that the effectiveness of injection mechanisms
drops suddenly when the sizes of the quantum dots changes slightly. To trace the
origin of this behavior we refer first to the absorption spectra (Figure 6). The 3.2 nm
QDs have their absorption spectrum centered at about 1000 nm. At this wavelength
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the absorption of the 2.4 nm is almost negligible, whereas that of the 5 nm QDs is only
slightly enhanced. On the other hand, the absorption spectrum of the glass used as a
window assumes its maximum transmittance at about 1000 nm. Therefore, it is highly
probable that the reduced efficiencies of cells based on the 2.4 and 5 nm radius QDs are
severely influenced by the glass spectral window. A more effective cell design must
involve the use of the entire solar spectrum, or at least a good portion of the visible
spectral region. For further improvement of the system, the TiO2 nanoporous layer
could be replaced by less resistive materials that have a greater surface to volume
ratio. Carbon nanotubes are good candidates to achieve this task. These matters are
under investigation and are the subject of methodic research work in our laboratories.

T˔˕˟˘ 1: Open-circuit voltages, short-circuit currents, fill factors, and efficiencies for various sizes of PbS
QDs solar cells, and of QDs of mixed radii combinations.

Solar Cell V𝑜𝑐 (mV) I𝑠𝑐(mA) V𝑚𝑝(mV) I𝑚𝑝 (mA) FF(%) Effe%

5.0 nm 238 0.135 170.3 0.071 37.63 0.65

3.2 nm 341 0.6 211 0.397 40.94 4.47

2.4 nm 166.3 0.093 106.7 0.055 37.94 0.32

Mixed QDs
non-annealed TiO2

19.6 0.00228 9.7 0.00123 26.70 6.37×10−4

Mixed QDs annealed
TiO2

239 0.176 147.8 0.078 27.41 0.615

6. Conclusion

In this work we have studied the performance of PbS QDs synthesized nanocrystalline
solar cells. Towards this end, we characterize the structural, electronic, and optical
properties of the cells. Three different sizes of PbS QDs were used to optimize the
cell performance. Electron scanning microscopy and electron diffraction spectroscopy
confirm the formation of nanostructural TiO2 nanoparticles with sizes less than 50 nm.
A model was developed to explain the generation cycle of photocarriers. Absorption
measurements are characterized by discrete absorption peaks indicative of quantum
confinement effect. In addition, a shift of the absorbance spectra to larger wavelengths
with increasing the size of the quantum dots was observed. The current injection
mechanisms in terms of tunneling and thermal activation were discussed. It was found
that the absence of counter electron coating with graphite is a determining factor
for obtaining reasonable I-V characteristics. The open circuit voltage, the short circuit
current, the fill factor, and efficiency of different quantum dots sizes as well as for a
combination of these were measured. An efficiency of 4.47% was obtained for the
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3.2 nm size (radius) QDs, whereas a severe quenching of all cell parameters for other
quantum dot sizes was observed. A careful analysis reveals that the transmittance of
the cell’s glass window is probably at the origin of this effect.
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