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ARTICLE INFO ABSTRACT

Available online 13 May 2014 Improving the photovoltaic performance of CdSe quantum dots sensitized solar cells
(QDSSCs) using 0.2 wt% of single walled carbon nanotubes/Titania (SWCNTs/TiO,) nano-
composite photoanode is reported. These SWCNTs/TiO, nanocomposite films were
prepared by mechanical mixing and spread on the photoanode by a doctor blade method.
The current density-voltage (J-V) characteristic curves of such assembled QDSSCs were
measured at AM 1.5 simulated sunlight. Solar cells based on SWCNTs/TiO, nanocomposite
photoanode achieves 58% increase in power conversion efficiency () compared with
those based on plain TiO, NPs photoanode under a AM 1.5 simulated sunlight and for
dipping time of 6 h. The significant improvement of Js. and # for CdSe QDSSCs based on
SWCNTs/TiO, nanocomposite photoanode is due to the enhancement in the absorption of
the incident light and rapid electron transport through the SWCNTs compared to the plain
TiO, NPs. Furthermore, the linear increase in Jsc with increasing intensity of the sunlight
indicates the sensitivity of the assembled cells.
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1. Introduction

Throughout the last decade, science has made great strides
towards improving the performance of quantum dots sensi-
tized solar cells (QDSSCs) [1-5]. In this type of solar cell,
quantum dots (QDs) are adsorbed onto large band gap metal
oxides nanoparticles (NPs) such as TiO, [6,7], ZnO [7,8], or
SnO, [7] to act as sensitizers. Among the parameters that
make QDs attractive candidates are the ability of tuning the
band gap of these QDs through size control to match the
sunlight spectra [2,9,10], high extinction coefficients due to
quantum confinement effects [6,11], unique electronic and
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optical properties, large intrinsic dipole moments that lead to
rapid charge separation [12], and intrinsically strong light
absorbers [13]. Furthermore, QDSSCs have larger surface areas
and provide a technically and economically credible alterna-
tive to conventional cells, such as silicon photovoltaic or dye-
sensitized solar cells (DSSCs). DSSCs have many limitations,
such as difficulties in utilizing the infrared region of the solar
spectrum and instability over long periods of time. Several
research efforts have already been carried out using the
following QDs as photosensitizers: CdS [14,15], CdSe [10,16-
18], CdTe [2,19], PbSe [20], PbS [21,22], InAs [23], ZnSe [24],
and Ag,Se [25]. Cadmium chalcogenides (CdX; X=S, Se, and
Te) QDs are relatively simple to synthesize, and easy to control
their sizes to harvest as much light energy, especially in the
visible region of the solar spectrum. These characteristics
make CdX QDs appropriate sensitizers for making QDSSCs
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[26]. According to previous studies [2,10,14,17] related to
tuning photocurrent response through size control of CdX
QDSSCs, CdSe QD of 4.52 nm in size (corresponding to 542 nm
absorption edge) is the optimal CdX QD size for photovoltaic
applications.

To deposit QDs onto large band gap metal oxides,
mainly, two different strategies are used [27]: in situ
growth of QDs by either a chemical bath deposition
(CBD) containing both cationic and anionic precursors [6]
or the successive ionic layer adsorption and reaction
deposition (SILAR) method [10]. These methods provide
good surface coverage, but they limit the control of QD size
and yield a broad size distribution [9]. These drawbacks
can be avoided if the QDs are synthesized prior (ex situ) to
being deposited [28] via electrophoretic deposition (EPD)
[9], linker-assisted adsorption (LA) [29], or direct adsorp-
tion (DA) [5,18,30] using different dipping times. This last
method was the one applied in this work.

Single walled carbon nanotubes (SWCNTs) possess many
attractive properties, such as large surface area, low-cost, light
weight, high electrical conductivity, excellent mechanical
strength, three-dimensional flexibility and outstanding elec-
trocatalytic property [31-33]. Carbon nanotubes (CNTs) based
composites have received considerable attention due to the
fact that the composite conductivity can be increased sig-
nificantly with a relatively low concentration of CNTs in the
host material [34,35]. CNTs can increase the UV light absorp-
tion and enhance electron transport in composite films [36].
Many studies [31,32,37-39] showed that CNTs can signifi-
cantly improve the short circuit current density (Jsc) and
power conversion efficiency (i) of dye-sensitized solar cells
(DSSCs). Peining et al. [40] and Yu et al. [41] have shown that
0.2 wt% of CNTs is the optimum concentration in the TiO,
matrix for best photovoltaic performance in DSSCs.

In this work, we synthesized CdSe QDs with a certain
size (4.5+0.1 nm) to be used as a sensitizer in QDSSCs
using a chemical deposition (CD) technique. These colloidal
QDs were adsorbed onto 0.2 wt% of SWCNTs/TiO, nano-
composite photoanode using the DA technique under
ambient conditions. The effect of SWCNTs on the photo-
voltaic parameters (Js., open circuit voltage (V,), fill factor
(FF), and #) of CdSe QDSSCs incorporated by SWCNTs/TiO,
nanocomposite photoanode was studied. However, to the
best of our knowledge, this is the first time that the
photovoltaic performance of CdSe QDSSCs using SWCNTs/
TiO, nanocomposite photoanode is reported. Furthermore,
the J-V characteristic curve of CdSe QDSSCs at various
illumination intensities was also measured.

2. Experiment
2.1. Synthesis of CdSe QDs

Colloidal CdSe QDs were synthesized using the method of
Talapin et al. [42]. We used hexadecylamine (HDA) as a
capping agent, together with trioctylphosphine oxide (TOPO)
to facilitate the preparation of highly monodispersed nano-
crystals (size distribution < 5%). The sample was immediately
cooled and diluted with toluene.

2.2. Preparation of QDSSC electrodes

A colloidal paste of TiO, NPs was prepared using the
method of Syrrokostas et al. [43] as follows: 3 g of com-
mercial Degussa P25 TiO, nanopowders (P25) (Degussa AG,
Dusseldorf, Germany) was ground in a porcelain mortar and
pestle and mixed with 1 mL of distilled water containing
acetyl acetone (10% v/v). Acetyl acetone was used as a
dispersing agent because it prevents the coagulation of TiO,
NPs and affects the porosity of the film. The paste was
diluted further by the slow addition of distilled water
(4mL) under continued grinding. The addition of water
controls the viscosity and final concentration of the paste.
Finally, a few drops of a detergent (Triton X-100) was
added, reducing the surface tension of the paste, to facilitate
even spreading and reducing the formation of surface
cracks. To synthesize 0.2 wt% of SWCNTs/TiO, nanocompo-
site paste, the method of Yu et al. [41] was followed. Briefly,
SWCNTs (diameter ~2 nm and length~30 pm purchased
from Chengdu Organic Chemicals Co. Ltd.) were rinsed with
deionized water three times and dried at 60 °C under
ambient conditions. Then 0.006 g of SWCNTs was added
to the previous TiO, NPs paste and dispersed using an
ultrasonic horn for 30 min. After stirring for 2 h, the 0.2 wt%
SWCNTs/TiO, nanocomposite paste was coated on FTO
substrate using the doctor blade technique on a transparent
conducting glass substrate made from SnO,:F (FTO) (pur-
chased from Solaronix, TCO22-7) with a sheet resistance of
7 Q[sq and > 80% transmittance in the visible region. Then,
the films were sintered at 450 °C for 1 h. After cooling to
room temperature, the SWCNTs/TiO, nanocomposite
photoanodes were immersed into a colloidal CdSe QDs
solution for four different times (1, 3, 6, and 24 h), and
kept at room temperature. After solvent evaporation, the
final nanocomposite film thickness was 8 + 1 um as mea-
sured by a profilometer (Alpha step, Tencor). The counter
electrodes were FTO substrate sheets coated with Pt.

2.3. Assembly of CdSe QDSSC

The working photoanode and Pt counter electrode were
assembled into a sandwich type cell using clamps. Both
electrodes were sealed using a hot-melt polymer sheet
(Solaronix, SX1170-25PF) that was 25 um thick to avoid
evaporation of the electrolyte. The active area of the
assembled cells was 1 cm x 1 cm. Finally, an iodide elec-
trolyte solution was prepared by dissolving 0.127 g of
0.05 M iodine (I;) in 10 mL of water-free ethylene glycol
and then adding 0.83 g of 0.5 M potassium iodide (KI). The
electrolyte was inserted into the cell with a syringe, filling
the space between the two electrodes.

2.4. Measurements

The absorption spectra of the CdSe QDs (before and
after adsorption on SWCNTs/TiO, nanocomposite photo-
anodes) were recorded using a UV-vis spectrophotometer
(JASCO V-670). In addition, the size of the QDs was
measured by a high resolution transmission electron
microscope (HRTEM). The current density-voltage (J-V)
characteristics were recorded with a Keithley 2400 voltage
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source/ammeter using Green Mountain IV-Sat 3.1 soft-
ware, while the CdSe QDSSCs were subjected to a solar
simulator illuminator (ABET technologies, Sun 2000 Solar
Simulators, USA) operating at 100 mW/cm? (AM1.5G). The
intensity of the incident solar illumination was adjusted to
1 sun condition using a Leybold certified silicon reference
solar cell (Model: 57863) Solar cell 2 V/0.3 A STE 4/100).
The J-V characteristic curves of CdSe QDSSCs at various
illumination intensities were studied and all experiments
were carried out under ambient conditions.

3. Results and discussion
3.1. Characterization of CdSe QDs

The average particle size of the prepared CdSe QDs was
found to be 4.5+ 0.1 nm using HRTEM. Fig. 1(a) and (b)
shows the HRTEM micrograph and a histogram of particle
size distribution for CdSe QDs respectively.

The UV-vis absorption spectrum of CdSe QDs in a
colloidal solution was recorded and shown in Fig. 2. The
first excitonic absorption edge is easily observed at 542 nm
which corresponds to 2.26 eV energy band gap. The blue-
shift with respect to bulk CdSe (1.74 eV [44]) is due to the
quantum confinement effect.

The corresponding CdSe QD size was also calculated
using the following effective mass approximation (EMA)
model [45]:

1.8
AreegR

i1 1
Eg(Nano)(R) = Eg(bulk) +— [ + :| (1)

8R? [Me ~ My
where me (0.13mg) and my (0.45mg) [44,46] are the
effective masses of the electron and hole, respectively,
my is the electron mass, Egbuik) (1.74 €V) is the bulk crystal
band gap, R is the average radius of the nanocrystal, Eg
(Nano) i the QD band gap value, h is Planck’s constant and ¢
(5.8) [44] is the relative permittivity. The calculated
average radius of the CdSe QDs based on Eq. (1) is
4.52 nm, which is comparable to that obtained by HRTEM
micrograph.
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3.2. Structural properties of SWCNTs/TiO, nanocomposite
photoanode

Fig. 3 shows X-ray diffraction (XRD) patterns for both
TiO, NPs/FTO and 0.2 wt% SWCNTs/TiO, nanocomposite
films/FTO and the inset in the figure shows the XRD
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Fig. 2. UV-vis absorption spectra for CdSe QDs.
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Fig. 3. XRD patterns of TiO, NPs/FTO film, and 0.2 wt% of SWCNTs/TiO,
nanocomposite film on FTO. Inset shows the XRD pattern for SWCNTs.
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Fig. 1. (a) HRTEM micrograph for CdSe QDs and (b) the histogram of particle size distribution.
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pattern for SWCNTSs. It is clearly seen that the crystalline
phases of anatase TiO, NPs are found in the TiO,/FTO film,
in addition to SnO,:F (FTO) phases ( denoted by = in Fig. 3).
The peaks at 25.30°, 37.03° 37.76°, 48.07°, 53.92° and
62.82° corresponding to the (101), (103), (004), (200),
(105), and (204) planes of anatase TiO, respectively (Joint
Committee on Powder Diffraction Standards (JCPDS Card
no. 21-1272) [47] are indicated. Also, the diffraction
pattern of SWCNTs/TiO, nanocomposite film is similar to
that of TiO, NPs/FTO film. However, the characteristic peak
of SWCNTs at 20=26.6° is not observed in the XRD
patterns of the nanocomposite. The disappearance of
SWCNTs characteristic peaks in the XRD patterns of
SWCNTs/TiO, nanocomposite film may be due to the
homogeneous dispersion of SWCNTs in TiO, NPs paste,
the absence of SWCNTs aggregation in the nanocomposite
paste, the small mass ratio (0.2 wt%) of SWCNTs compared
with plain TiO,, and the high crystallinity of TiO, NPs.

3.3. Characterization of CdSe QD sensitized SWCNTSs/TiO»
nanocomposite photoanode (the working photoanode)

Fig. 4 shows the UV-vis absorption spectra of CdSe QD
sensitized SWCNTs/TiO, nanocomposite photoanodes for
various dipping times (0,1, 3, 6, and 24 h) as indicated. It is
clearly seen that the absorption is enhanced as the
adsorption time increases, due to large amount of CdSe
QD loading. Also in the visible region, the difference
between 6 and 24 h of dipping is not noticeable. This
may be due to saturation effect.

To ensure that the adsorption of CdSe QDs onto the
TiO, SWCNTs/TiO, nanocomposite photoanodes takes
place, EDX was performed for it. The results are shown
in Fig. 5 where the peaks of CdSe, and C as well as Ti and
0O, are indicated.

Moreover, the UV-vis absorption spectra of plain TiO,
NPs photoanode, CdSe QDs sensitized plain TiO, NPs
photoanode, SWCNTs/TiO, nanocomposite photoanode
and CdSe QDs sensitized SWCNTs/TiO, nanocomposite
photoanode are recorded and shown in Fig. 6. It is clearly
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Fig. 4. UV-vis absorption spectra of CdSe QDs SWCNTs/TiO, nanocom-
posite photoanode at different times of dipping as indicated.
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Fig. 5. EDX of CdSe QDs adsorbed onto SWCNTs/TiO, nanocomposite
photoanodes.
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Fig. 6. UV-vis absorption spectra of plain TiO, photoanode, SWCNTs/TiO»
nanocomposite photoanode, CdSe QDs/TiO, NPs photoanode, and CdSe
QDs SWCNTs/TiO, nanocomposite photoanode for 6 h dipping time.

evident that the absorption of CdSe QDs sensitized
SWCNTs/TiO, nanocomposite photoanode is higher than
that of CdSe QDs sensitized plain TiO, NPs photoanode.
This behavior indicates that more CdSe QDs have been
adsorbed on the SWCNTs/TiO, nanocomposite photoa-
node. Such an increase in the amount of CdSe QDs is due
to high roughness and porous surface of SWCNTs/TiO,
nanocomposite [48].

3.4. Photovoltaic performance of CdSe QDSSCs using
SWCNTs/TiO, nanocomposite photoanode

The photocurrent density-voltage (J-V) characteristics
were used to investigate the effect of the dipping times (1,
3, 6, and 24 h) on the photovoltaic performance of CdSe
QDSSCs based on SWCNTs/TiO, nanocomposite photoa-
node. The J-V characteristics curves measured under
simulated sunlight with an intensity of 100 mW/cm? (AM
1.5G) are shown in Fig. 7. The photovoltaic characteristics
parameters (Vo, Jsc, FF, and #) for CdSe QDSSCs are given in
Table 1. It is observed that both Js. and 5 increase as the
dipping time increases up to 24 h. This result could be
explained in terms of the dipping time: as it increases up
to 24 h, additional amount of CdSe QDs is loaded because
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Fig. 7. ] -V characteristics curves of CdSe QDSSCs using SWCNTs/TiO,
nanocomposite photoanode for (a) 1h, (b) 3h, (c) 6h, and (d) 24h
dipping time.

Table 1
J-V characteristic parameters of CdSe QDSSCs using SWCNTs/TiO, nano-
composite photoanodes at different dipping times.

Dipping Voe + 0.02 Jsc+0.01 FF 7 (+0.01)
time (h) V) (mA/cm?) %

1 0.50 0.69 0.49 017

3 0.51 0.87 0.48 0.21

6 0.49 2.27 0.41 0.46
24 0.48 2.65 0.50 0.64

of high roughness and porous surface of SWCNTs/TiO,
nanocomposite [48].

It is observed from the table that for a dipping time of
6 h, CdSe QDSSCs based on SWCNTs/TiO, nanocomposite
photoanode give J=2.27 mA/cm? and 5=0.46%, which
shows a remarkable increase in both parameters from our
previous study [17], using CdSe QDSSCs based on TiO, NPs
photoanode. In that study the values of J,. and » were
1.62 mA/cm? and 0.29% respectively. Fig. 8 shows the J-V
characteristics curves of CdSe QDSSCs based on plain TiO,
NPs photoanode and on SWCNTs/TiO, nanocomposite
photoanode respectively for the 6 h dipping time. This
significant improvement of about 40% in Js. and 58%
increase in n for CdSe QDSSCs based on SWCNTs/TiO,
nanocomposite photoanode, with V,. remaining constant
(0.50 +0.02 eV), is mainly attributed to three factors. First,
the improvement in the absorption of the nanocomposite
films is due to the roughness surface structure of SWCNTSs/
TiO, nanocomposite film [48], which leads to increased
loading of CdSe QDs on the film. Second, the rapid electron
transport through the SWCNTSs, offering fast interpaths
due to the superior electrical conductivity of SWCNTs
(102~ 'm~! [49]) compared to the TiO, NPs (~8.11 x
107°@ "m~! [50]). Third, the DA technique, used to
deposit CdSe QDs onto SWCNTs/TiO, nanocomposite
film, leads to pin the CdSe QDs bands to that of TiO,
NPs without any barriers, which results in a direct electro-
nic interaction between the two semiconductor materials
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Fig. 8. J-V characteristics curves of CdSe QDSSCs using (a) plain TiO, NPs

photoanode and (b) SWCNTs/TiO, nanocomposite photoanode for 6 h
dipping time.
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(CdSe QDs and TiO, NPs). So, DA technique minimizes the
electrons injection time from the conduction band mini-
mum of CdSe QDs to that of TiO, NPs an then to SWCNTs.
Fig. 9 shows stepwise energy levels of CdSe QDs, TiO,,
SWCNT, and FTO. Such energy levels are beneficial for
electrons to transport from the conduction band of CdSe
QDs to FTO glass SWCNTs/TiO, nanocomposite. Our results
are in good agreement with others [40,41]. Peining et al.
[40] fabricated a DSSCs using TiO, coated CNTs (TiO,-
CNTs). In their work, they concluded that TiO,-CNTs
content (0.2 wt%) cell showed ~50% increase in 5. They
attributed this enhancement mainly to the increase in Js
due to improvement in interconnectivity between the TiO,
particles and the TiO,-CNTs in the porous TiO film.

The photovoltaic performance of the assembled CdSe
QDSSCs using SWCNTs/TiO, nanocomposite photoanode at
various intensities of solar illumination (from 0-100% sun)
was also studied. Fig. 10(a) shows the J-V characteristics
curves of the assembled CdSe QDSSCs for the 6 h dipping
time assembly. It is seen that as the intensity of the
incident light increases, the measured J,. increases linearly
due to increased electrons injection, as shown in Fig. 10(b).
The approximately constant value of V. indicates the high
sensitivity of CdSe QDSSCs based on SWCNTs/TiO, nano-
composite photoanode that was prepared by the DA
method.
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4. Conclusion

We have synthesized a paste of 0.2 wt% of single walled
carbon nanotubes/Titania (0.2 wt% of SWCNTs/TiO,) nano-
composite to fabricate quantum dots sensitized solar cells
(QDSSCs) photoanodes. CdSe QDs of 4.52nm in size
were prepared and applied as a sensitizer for QDSSCs by
direct adsorption (DA) technique onto 0.2 wt% SWCNTs/
TiO, nanocomposite photoanode. A significant increase
(~58%) in the energy conversion efficiency (n) was
achieved in CdSe QDSSCs based on SWCNTs/TiO, nano-
composite as compared to others based on plain TiO, NPs
under AM 1.5 simulated sunlight. The open circuit voltage
(Vo) is unchanged in both solar cells. The increase in n due
to the increase in the photocurrent density (J) of the
assembled QDSSCs is attributed to three factors: (i) the
improvement in the absorption of the nanocomposite
films due to increase loading of CdSe QDs on the film, (ii)
rapid electron transport through the SWCNTSs, offering fast
interpaths due to the superior electrical conductivity of
SWCNTs compared to the TiO, NPs, and (iii) the DA
technique, used to deposit CdSe QDs onto SWCNTs/TiO,
nanocomposite films, leads to pin the CdSe QDs to that of
TiO, NPs without any barriers.
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