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Abstract

The photovoltaic performance of CdTe quantum dots (QDs) sensitized solar cells (QDSSCs) as a function of tuning the band gap of
CdTe QDs size is studied. The tuning of band gap was carried out through controlling the size of QDs. Presynthesized CdTe QDs of radii
from 2.1 nm to 2.5 nm) were deposited by direct adsorption (DA) technique onto a layer of TiO, nanoparticles (NPs) to serve as sen-
sitizers for the solar cells. The characteristic parameters of the assembled QDSSCs were measured under AM 1.5 sun illuminations. The
values of current density (J.) and overall efficiency (#) increase with decreasing CdTe QDs size, since the lowest unoccupied molecular
orbital (LUMO) levels shifts closer to vacuum level, which causes an increase in the driving force. Consequently the electrons’ injections
to the conduction band (CB) of TiO, NPs become faster. The maximum values of Ji. (1105 pA/cm?) and # (0.190%) were obtained for
the smallest CdTe QDs size (2.10 nm). The open circuit voltages (V) varies slightly with the size of the CdTe QDs, however it is only
dictated by the CB level of TiO, NPs and the VB of the electrolyte. Furthermore, the photocurrent response of the assembled cells to

ON-OFF cycles of the illumination indicates the prompt generation of anodic current.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, there has been a concerted effort to
enhance the performance of quantum dot sensitized solar
cells (QDSSCs) (Tvrdy et al., 2011; Zhou et al., 2012; Zhao
et al., 2012; Xie et al., 2012; Yu et al., 2011). Semiconduc-
tor quantum dots (QDs) exhibit attractive characteristics as
sensitizers due to their tunable band gaps through size con-
trol, that could be used to match the solar spectrum (Xie
et al., 2012; Kamat, 2007; Bang and Kamat, 2009; Tubtim-
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tae et al., 2010; Timp and Zhu, 2010; Li et al., 2011; Gime-
nez et al., 2009; Fan et al., 2009; Lin and Lee, 2011; Tvrdy
and Kamat, 2009; Wu, 2004; McCandless and Dobson,
2004). In addition, QDs possess higher extinction coeffi-
cients (Xie et al., 2012; Tubtimtae et al., 2010; Lin and
Lee, 2011; Kim et al., 2011; Yang and Chang, 2010), higher
stability (Li et al., 2011; Yum et al., 2007) (as compared to
metal-organic dyes), and a large intrinsic dipole moment
leading to rapid charge separation (Gimenez et al., 2009;
Prabakar et al., 2009; Emin et al., 2011; Smith et al.,
2008), and intrinsically strong absorption (Tubtimtae
et al., 2010). Furthermore, QDs have been shown recently
to produce highly efficient multiple exciton generation
(MEG) (Xie et al., 2012; Tubtimtae et al., 2011; Nozik,
2008), whereby a single absorbed photon can generate
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more than one electron—hole pair (Tubtimtae et al., 2010;
Fan et al., 2009; Nozik, 2008; Yu et al., 2006). Many stud-
ies were carried out on photovoltaic cells using QDs such
as CdSe (Wijayanthaa et al., 2004), CdS (Bang and Kamat,
2009; Guijarro and Lana-Villarreal, 2009), CdTe (Bang
and Kamat, 2009; Kniprath et al., 2009; Yong Kim et al.,
2004; Wang et al., 2010), PbS (Hyun et al., 2008), PbSe
(Kitada et al., 2009), InAs (Yu et al., 2006), Cu,_,S (Lin
and Lee, 2011), Ag,Se (Tubtimtae et al., 2011), and Ag,S
(Xie et al., 2012; Tubtimtae et al., 2010) for harvesting
solar radiation in the visible and infrared regions. In the
case of QDSSCs, excited electrons of semiconductor nano-
crystals are injected into a large band gap semiconductor
such as TiO, or ZnO, while holes are scavenged by a redox
couple. By controlling the size of these semiconductor
QDs, one can readily tune the band energies as well as
the photoresponse of the solar cell. Since QDSSCs have
large surface areas, they would provide a technically and
economically credible alternative to conventional cells; sil-
icon photovoltaic or dye-sensitized solar cells (DSSCs).
The latter cells have many limitations, such as difficulties
in utilizing the infra-red region of the solar spectrum, and
instability for long-term uses. CdTe has a bulk band gap
of 1.45eV (Li et al., 2010; Madelung, 2004) with conduc-
tion and valance band energies at —4.3 and —5.7 eV vs.
vacuum respectively (Kniprath et al., 2009). It also has
an extinction coefficient of 4.4 x 10* M~ ecm ™" at 370 nm
(Lan et al., 2009). These properties make it is QDs a good
sensitizer, capable of effectively injecting electrons into
TiO, NPs (band gap: 3.4 eV) (Li et al., 2010). In addition,
when its’ energy band gap is tuned close to the maximum
of the solar spectrum, it allows an effective injection of
photogenerated electrons from its conduction band (CB)
to TiO, surface. There are many methods used to anchor
QDs onto the large band gap metal oxides. Normally, these
adsorption methods are: (1) in situ growth of QDs by either
chemical bath deposition (CBD) technique (Xie et al.,
2012; Prabakar et al., 2009; Lee et al., 2009), containing
both the cationic and anionic precursors, or successive
ionic layer adsorption and reaction deposition (SILAR)
method (Mora-Sefo, 2008; Ruhle et al., 2010; Zhang
et al., 2012), and (2) ex situ growth as electrophoretic depo-
sition (EPD) method (Smith et al., 2008; Salant et al.,
2010), linker-assisted adsorption (LA) (Salant et al., 2010;
Kongkanand et al., 2008; Pernik et al., 2011; Kamat,
2008), and direct adsorption (DA) technique (Girenez
et al., 2009; Guijarro and Lana-Villarreal, 2009; Pernik
et al., 2011).

In this work, we prepared CdTe QDs of different sizes
by organometallic pyrolysis method to be used as a sensi-
tizer in QDSSCs. These colloidal QDs were adsorbed onto
TiO, NPs by DA technique for different dipping times
under ambient conditions. The effect of the CdTe QDs size
on the QDSSCs characteristic parameters; short circuit cur-
rent density (Jy), open circuit voltage (V,.), fill factor (FF),
and efficiency (1) for energy conversion were studied. To
the best of our knowledge, this is the first time that DA

technique is used to deposit tuned band gap CdTe QDs
onto TiO, NPs to assemble QDSSCs. Also, the photocur-
rent response of the assembled cells to ON-OFF cycles
of the illumination was studied.

2. Experiment
2.1. Preparation of CdTe quantum dots

Colloidal CdTe nanocrystals were synthesized by orga-
nometallic pyrolysis method as described previously by
Talapin et al. (2001) with little modification. The synthesis
was carried out as follows: 2 g of dodecylamine (DDA)
were dissolved in 7 mL of tri-n-octylphosphine (TOP) at
50 °C in a 50 mL two-neck flask with a reflux condenser
attached. Subsequently, 0.11 mL (1.47 mmol) of dimethyl-
cadmium and 0.128 g (1 mmol) of tellurium powder dis-
solved in TOP were added under stirring, and the
temperature was slowly increased to 180°C. After
30 min, the temperature was raised to 200 °C, then Te:
TOP organometallic complex reacts slowly with Cd-precur-
sor’s to form CdTe nanoclusters. A sample was drown once
the color of the solution change into orange indicating the
formation of CdTe QDs. The reaction mixture heated up
further to let the particles grow. The different sizes have
been obtained at different reaction time intervals (30, 40,
60, and 80 min) and labeled (a—d). The samples were sepa-
rated using centrifuge followed by surface treatment
according to the method of Choi et al. (2006). Each sample
of CdTe QDs was washed several times with methanol to
remove excess ligands, then TOP/TOPO or TOPO/DDA
ligands on the surface of CdTe QDs were replaced by
refluxing the CdTe QDs in pyridine (20 mL) under 1 atm
of N, for 24 h. The QDs were precipitated with toluene
at room temperature.

2.2. Preparation of solar cell electrodes

The TiO, colloidal paste was prepared by the method of
Syrrokostas et al. (2009). Three grams of commercial TiO,
nanopowder (20 nm) (Degussa P-25 Titanium dioxide con-
sists of 80% anatase and 20% rutile) was ground in a por-
celain mortar and mixed with a small amount of distilled
water (1 mL) containing acetyl acetone (10% v/v) to create
the paste. Acetyl acetone was used as a dispersing agent,
since it prevents coagulation of TiO, nanoparticles and
affects the porosity of the film. The paste was diluted fur-
ther by slow addition of distilled water (4 mL) under con-
tinued grinding. The addition of water controls the
viscosity and the final concentration of the paste. Finally,
a few drops of a detergent (Triton X-100) were added to
facilitate the spreading of the paste on the substrate, since
this substance has the ability to reduce surface tension,
resulting in even spreading and reducing the formation of
cracks. The TiO, paste was deposited on a conducting glass
substrate of SnO,: F with sheet resistance of 7 Q/sq and
>80% transmittance in the visible region, using a simple
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doctor blade technique. This was followed by annealing at
450 °C for 30 min and the final thickness was 8 pm after the
solvent evaporation. Then the TiO, films were dipped into
a colloidal solution of pre-synthesized CdTe QDs to form
working electrodes. The counter electrodes were prepared
by coating another FTO substrate sheet with a resistance
of 7 Qfsq with Pt.

2.3. Assembly of QDSSC

The Pt counter electrode and CdTe QDs sensitized TiO,
electrode were assembled as a sandwich type cell using
clamps. Both electrodes were sealed using a hot-melt poly-
mer sheet (solaronix, SX1170-25PF) of 25 um thickness in
order to avoid evaporation of the electrolyte. Finally,
Iodide electrolyte solution was prepared by dissolving
0.127 g of 0.05 M Iodine (I,) in 10 mL of water-free ethyl-
ene glycol, then adding 0.83 g of 0.5 M potassium iodide
(KI). The electrolyte was inserted in the cell with a syringe,
filling the space between the two electrodes.

2.4. Measurements

The absorption spectra of the CdTe QDs (before and
after adsorption on TiO, electrodes) were recorded using

a UV-Visible spectrophotometer (JASCO V-670). In addi-
tion, the sizes of the QDs were measured by high resolution
transmission electron microscope (HRTEM) (JEOL JEM-
2100 operated at 200 KV and equipped with Gatan CCD
higher resolution camera). The current density—voltage
(J=V) characteristics were recorded (with a Keithley 2400
voltage source/ammeter using GreenMountain IV-Sat 3.1
software), with the CdTe QDSSCs subjected to the irradi-
ation of a solar simulator (ABET technologies, Sun 2000
Solar Simulators, USA) operating at 100 mW/cm?
(AM1.5G). A Leybold certified silicon reference solar cell
(Model: 57863) were used to calibrate the incident solar
illumination. A J-V characteristic curve of all sizes of
CdTe QDSSC were studied. All experiments were carried
out under ambient conditions.

3. Results and discussion
3.1. Characterization of the CdTe QDs

The average particle size of all prepared CdTe QDs were
estimated using HRTEM. Which ranged from
2.124+0.13nm to 2.53 +0.08 nm. Fig. la shows TEM
micrographs of CdTe QDs sample d, while Fig. 1b and c
shows HRTEM and histogram of particle size distribution
for the same sample.

0.0 0.5 1.0 1.5
QD Radius (nm)

25 3.0 3.5 4.0

Fig. 1. (a) TEM micrograph for sample d, (b) HRTEM of CdTe QDs for sample d, and (c) Histogram of particle size distribution for CdTe QDs (sample d).
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The UV-Visible absorption spectra of the samples (a—d)
in colloidal solution are shown in Fig. 2. The excitonic
absorption edges of these samples a—d are at: 533, 567,
575, and 602 nm respectively. The red shifts of the absorp-
tion to longer wavelengths with increasing particle size are
due to the varying quantum confinement effect. The corre-
sponding QDs radii were calculated using the effective mass
approximation (EMA) model given by Yum et al. (2007),
Brus (1986), Thambidurai et al. (2009) and Sathyamoorthy
et al. (2010):

B 1.8¢?
dmeeoR

BTl 1
Eq¢Nano) (R) = Eg(muik) + 55 [ + } (1)

8R2 Me my,
where Egpui) (=1.475eV) (Madelung, 2004) is the bulk
CdTe crystal band gap value, EyNano) i the nanocrystal
band gap value, R is the radius of CdTe QDs, 4 is Planck’s
constant, m, (=0.11m) (Trindade et al., 2001) and my,
(=0.35 mg) (Trindade et al., 2001) are CdTe electron and
hole effective masses respectively, and m; is electron mass,
&o 1s the permittivity of vacuum and ¢ (=7.1) is the relative
dielectric constant for CdTe (Madelung, 2004). The calcu-
lated values are given as: 2.10, 2.27, 2.32 and 2.47 nm for
samples a to d respectively. These values are in good agree-
ment with those measured by HRTEM.

3.2. Characterization of CdTe QDs sensitized TiO,
electrodes (the working electrode)

To ensure, that the adsorption of CdTe QDs onto the
TiO, electrode takes place, EDX was performed for sample
¢ of CdTe QDs adsorbed on TiO; electrode. The results are
shown in Fig. 3 where the peaks of Cd and Te, as well as Ti
are indicated.

The absorption spectra for each of the working elec-
trodes of the four CdTe QDs sizes (a—d) dipped for four
times (3, 6, 24, and 50 h) were measured. The UV-Visible
absorption spectra for sample ¢ (of radius 2.32 nm) sensi-
tized TiO, electrode are given in Fig. 4. All other CdTe
QDs onto TiO, electrode shows similar behavior. In all

CdTe QDs Radius
a. 210 nm
2.27 nm
2.32 nm
2.47 nm

b.
c.
d.

Absorption (a. u.)
n

500 600 700 800
wavelength (nm)

Fig. 2. UV-Visible absorption spectra for CdTe QDs samples (a—d).

3600

3200
2800
2400
2000
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Fig. 3. EDX of sample ¢ CdTe QDs adsorbed onto TiO, film.

0.00 1.00 2.00 3.00 4.00

cases, it is observed that the absorption spectra shifts
toward the visible region with increasing the deposition
time up to 24 h. Longer deposition time does no show
appreciable difference from the 24 h deposition. However,
the 50 h deposition time was used for determination of
J—V characteristic curves.

3.3. Characterization of CdTe QDSSC

The J-V characteristics curves of the assembled CdTe
QDSSCs where the TiO, photoelectrodes were dipped for
50 h in colloids of different sizes of CdTe QDs (a—d) are
shown in Fig. 5. For solar illumination of 100 mW/cm?.

It is clearly seen that as CdTe QDs size decreases, the
values of J,. increase and consequently # also increases.
These results can be explained in term of the energetic
alignments of CdTe QDs and those of TiO, NPs. The third
term in Eq. (1) represents the coulomb energy which is gen-
erally very small quantity compared with the kinetic energy
(second term), hence it can ignored (Franceschetti and
Zunger, 1997; Mall et al., 2010; Kurian et al., 2007; Nan-
dakumar et al., 2002). The energy change in the conduction
band minimum (CBM) (lowest unoccupied molecular orbi-
tal (LUMO) levels) (Mall et al., 2010; Blackburn et al.,
2005; Carlson et al., 2008; Sapra and Sarma, 2004), AEcgm
(=3 ”f’jkz). While the energy change in the valance band max-
imum (VBM) (highest occupied molecular orbital
(HOMO) levels) (Mall et al., 2010; Blackburn et al.,
2005; Carlson et al., 2008; Sapra and Sarma, 2004), AEvgm
(=— #). Since m, is much smaller than my,, the variation
in AEcgy 18 much more than that of AEygym. The calcu-
lated values of AEcgym are: 0.78, 0.66, 0.64, and 0.56 eV,
and of AEyg\m are: —0.24, —0.21, —0.20, and —0.18 eV
for CdTe QDs (a—d) respectively. The value of the CB of
bulk CdTe as deduced from the electron affinity (Mall
et al., 2010; Movchan et al., 1999; Al-Ani et al., 2007) is
—4.3 eV, which is close to the CB of TiO, at —4.3 eV vs.
vacuum (Kniprath et al., 2009). The valance band (VB)
for bulk CdTe is —5.7eV vs. vacuum (Kniprath et al.,
2009), which is well below the VB of the redox potential
of I /I (=—4.94 eV vs. vacuum) (Yu et al., 2006). Fig. 6
shows the energetic alignments diagram of CdTe QDs
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Fig. 4. UV-Visible absorption spectra of CdTe QDs (sample c:
radius = 2.32 nm) deposited on TiO, NPs at 0, 3, 6, 24, and 50 h dipping
time.
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Fig. 5. J-V characteristic curve of CdTe QDSSCs for solar illumination of
100 mW/cm?.

adsorbed onto the TiO, NPs surface as calculated from the
above discussed variations AEcgym and AEypy. It is to be
observed that as the size of QDs decreases, the CB shifts

-2 Electron transfer

closer to vacuum level, which causes an increase in the driv-
ing force. Consequently the electrons’ injections to TiO,
become faster, leading to an increase of the Jg, and finally
enhance 7. Furthermore, we assume as the size of the QD
decrease the whole surface area of the sensitizer increase
and the number of QD per unit area of TiO, support
increase, resulting in the harvest of more incident solar
light and hence increasing J. and 5. Similar results were
obtained by Kongkanand et al. (2008). In their work they
used CdSe QDs to sensitize TiO, NPs and nanotubes. They
tuned the photo electrochemical response and photo con-
version efficiency via size control of CdSe QDs, and
reported that the maximum power-conversion efficiency
was for 3 nm diameter (543 nm absorption edge) in close
agreement with our results of CdTe QDs (533 nm absorp-
tion edge). In contrast of our result, Rolf Kniprath et al.
(2009) concluded that CdTe QDSSC do not show any pho-
tocurrent at wavelengths in the absorption range of 450—
650 nm, They attributed this behavior to the oxidation of
surface states of Te (using thiol group in their preparation),
which prevents charge transfer from the photo excited
CdTe QDs to the TiO, NPs electrode.

The variations AEygy of CdTe QDs are approximately
the same for all sizes (AEypy ~ —0.2 €V), which is lower
than that of CdTe bulk, and the regeneration of CdTe
QDs by the redox couple in the electrolyte would be ener-
getically favored. The values of the V. vary within about
67mV for the QD sizes used (from 442 +10mV to
507 + 10 mV). We believe this variation may be due to pos-
sible change in the cell temperature during the measure-
ment; however such variation will be the subject for
future investigation. Furthermore, V. is only dictated by
the CB level of TiO, NPs and the VB of the electrolyte
(Kongkanand et al., 2008). Table 1 summarizes the charac-
teristic parameters for the different sizes of CdTe QDSSCs.

The values of FF of the assembled cells comprised of
CdTe QDs/TiO, photo electrode varies between 0.35 and
0.47, as seen in Table 1. the value of 5 is largest (0.19%)
for the smallest size of CdTe QDs.

R=2.10 nm
R=227nm (& CBM of

E (eV) vs. vacuum

4=

Tio,

Hole transfer

Fig. 6. Summary of energy diagram showing the alignment of the VBM and CBM of CdTe quantum dot to the TiO, valence and conduction bands (all

data vs. vacuum).
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Table 1

J-V characteristics parameters (Js., Voo, FF and 1) of CdTe QDSSCs for different QDs sizes, at dipping time = 50 h, under 1 sun illumination.

QDs size (nm) QD energy Voe (£10 mV) Jee (MA/cm?) FF Efficiency 7 (%)

By EMA Band gap (eV)

2.10 2.30 495 1105 0.35 0.190

2.27 2.18 442 1087 0.38 0.181

2.32 2.14 440 603 0.47 0.125

2.47 2.06 507 441 0.40 0.091
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Fig. 7. Photocurrent response of CdTe QDSSCs to ON-OFF cycles to
one sun illumination.

The photocurrent response to ON-OFF cycles to one
sun illumination of samples a—d of CdTe QDSSCs for dif-
ferent QD sizes is presented in Fig. 7, where it is observed
that the photocurrent generation was steady during ON-
OFF cycles of the illumination, and it was maximum for
the smallest CdTe QD size (2.10 nm). Also showing the
prompt generation of anodic current.

4. Conclusions

CdTe QDs of different sizes were synthesized using the
organometallic pyrolysis method and applied as sensitizers
for QDSSCs by the DA technique onto TiO, NPs elec-
trode. The open circuit voltages (V) varies slightly with
the size of the CdTe QDs, however it is only dictated by
the CB level of TiO, NPs and the VB of the electrolyte.
The values of Ji. and 5 increase as the QDs size decreases,
since the LUMO of CdTe is shifted to more positive poten-
tial values with respect to that of TiO, NPs. The maximum
values of Jy (1105 pA/cm?) and 5 (0.190%) were obtained
for the smallest CdTe QDs size (2.10 nm). The photocur-
rent response of CdTe QDSSCs to ON-OFF cycles under
one sun illumination shows prompt generation of anodic
current.
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