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The photovoltaic characterization of CdSe quantum dots sensitized solar cells (QDSSCs) by tuning band gap of CdSe
quantum dots (QDs) through size control has been investigated. Fluorine doped tin oxide (FTO) substrates were coated with
20 nm in diameter TiO; nanoparticles (NPs). Pre-synthesized colloidal CdSe quantum dots of different sizes (from 4.0 to 5.4 nm)
were deposited on the TiO;-coated substrates using direct adsorption (DA) method. The FTO counter electrodes were coated
with platinum, while the electrolyte containing I" /I redox species was sandwiched between the two electrodes. The current
density-voltage (J-V) characteristic curves of the assembled QDSSCs were measured for different dipping times, and AM 1.5
simulated sunlight. The maximum values of short circuit current density (J5.) and conversion efficiency (1) are 1.62 mA/cm?
and 0.29 % respectively, corresponding to CdSe QDs of size 4.52 nm (542 nm absorption edge) and of 6 h dipping time. The
variation of the CdSe QDs size mainly tunes the alignment of the conduction band minimum of CdSe with respect to that of
TiO; surface. Furthermore, the J,. increases linearly with increasing intensity of the sun light, which indicates the sensitivity of

the assembled cells.
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1. Introduction

The last decade witnessed a great attention to-
ward improvement of the performance of the third
generation solar cells, especially that of quantum
dots sensitized solar cells (QDSSCs) [1, 2]. In this
kind of solar cells, quantum dots (QDs) are adsorbed
onto large band gap metal oxides such as TiO, NPs
[3, 4], ZnO NPs [4], and SnO, NPs [5] to act as
sensitizers. These QDs posses many attractive prop-
erties such as the ability to tune their band gaps
by controlling their sizes (therefore the absorption
spectra can be tuned to match the spectral distribu-
tion of sunlight [6]) and high extinction coefficients
due to quantum confinement effects [3, 7]. Addi-
tionally, they have large intrinsic dipole moment,
leading to rapid charge separation [6, 8], intrinsi-
cally stronger absorbers [9], unique electronic and
optical properties [10], low manufacturing cost [11],
and resistance to oxygen and water [6]. Further-
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more, some of these QDs produce more than one
electron-hole pair due to a single absorbed photon.
It is so called multiple exciton generation (MEG)
[12, 13]. These factors raise the theoretical maxi-
mum efficiency above the Shockley-Queisser limit
of 31 % [7]. QDSSCs have larger surface areas and
provide a technically and economically credible al-
ternative to conventional cells, silicon photovoltaic
or dye-sensitized solar cells (DSSCs). The latter
cells have many limitations, such as difficulties in
utilizing the infrared region of the solar spectrum,
and instability for long-term uses. Several works
were carried out using QDs as photosensitizers such
as: CdS [14, 15], CdSe [16], CdTe [17], PbSe [18]],
PbS [19], InAs [20], ZnSe [21], Cuy_,S [22], AgsS
[3], and Ag,Se [23].

CdSe QDs are relatively easy synthesized and
size controllable, which makes possible to tune their
band gaps to harvest more light energy in the visible
region of the solar spectrum. Bulk CdSe has high ab-
sorption coefficient (~ 10* cm™! [24]) in the visible
light region. Furthermore, its conduction band (CB)
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(—4.3 eV vs. vacuum [25]), an ionization potential
of —6.04 eV vs. vacuum [25] and direct band gap
energy of 1.74 eV [10]) would behave as a good
sensitizer capable of effectively injecting electrons
to TiO, NPs (bulk TiO, band gap is 3.2 eV [4, 25]).
These characteristics make CdSe QDs an appropriate
sensitizer to check the QDSSCs concepts [26].

Essentially, two different strategies may be used
to deposit QDs onto the large band gap metal oxides
[27]: in situ growth of QDs by either chemical bath
deposition (CBD) method, containing both cationic
and anionic precursors [6, 23], or successive ionic
layer adsorption and reaction deposition (SILAR)
method [9]. These methods provide good surface
coverage, but the control over the QD size is limited
and the size distribution is broad [28]. These draw-
backs can be avoided if the QDs are synthesized
earlier (ex situ) [14], and then deposited by elec-
trophoretic deposition (EPD) [28], linker-assisted
adsorption (LA) [29], and direct adsorption (DA)
[11] for different dipping times.

In this work, we prepared CdSe QDs of differ-
ent sizes by chemical deposition (CD) technique
to be used as a sensitizer in QDSSCs. These col-
loidal QDs were adsorbed onto TiO, NPs by DA
technique for different dipping times under ambi-
ent conditions. The effect of the CdSe QDs size on
the QDSSCs characteristic parameters (short circuit
current density (J,.), open circuit voltage (V,.), fill
factor (FF), and efficiency for energy conversion (17)
were studied. Furthermore, the performance of the
assembled CdSe QDSSCs under different percent-
ages of sun was studied.

2. Experiment

2.1.

Colloidal CdSe nanocrystals were prepared by
the method of Talapin et al. [30]. We used hexade-
cylamine (HDA) as a capping agent, together with
trioctylphosphine oxide (TOPO) to facilitate the
preparation of highly monodisperse nanocrystals
(size distribution 5 %). Five samples of different
sizes, ranging from 4 to 5.4 nm, were obtained at
five time intervals from the same synthesis, and la-
beled (a to e). All the samples were immediately
cooled and rinsed with toluene.

Synthesis of CdSe quantum dots

2.2. Preparation of solar cell electrodes

Colloidal paste of TiO, was prepared by the
method of G. Syrrokostas et al. [31], as follows:
3 grams of commercial TiO, nanopowder (20 nm)
(Degussa P-25 titanium dioxide consists of 80 %
anatase and 20 % rutile) were ground in a porcelain
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 further by slow addition
of distilled water (4 ml) under continued grinding.
The addition of water controlled 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 de-
posited on a transparent conducting glass substrate
of SnO;:F (FTO) with a sheet resistance of 7 {)/sq
and transmittance > 80 % in the visible region,
using doctor blade technique. This was followed
by annealing at 450 °C for 30 min, and the final
thickness was 8 pum after the solvent evaporation.
Then the TiO; films were directly dipped into a col-
loidal solution of each pre-synthesized size of CdSe
QDs to form five working electrodes. The counter
electrodes were prepared by coating another FTO
substrate sheets with Pt.

2.3. Assembly of CdSe QDSSC

CdSe QDs sensitized TiO, electrode and Pt
counter electrode were assembled as a sandwich
type cell using clamps. Both electrodes were sealed
using a hot-melt polymer sheet (solaronix, SX1170-
25PF) of 25 pm thickness in order to avoid evapo-
ration of the electrolyte. Finally, the iodide elec-
trolyte solution was prepared by dissolving 0.127 g
of 0.05 M iodine (I) in 10 mL of water-free ethy-
lene 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.
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Fig. 1. Results of characterization for sample e: (a) TEM micrograph; (b) HRTEM micrograph, and (c) histogram

of particle size distribution.

2.4. Measurements

The absorption spectra of the CdSe QDs (be-
fore and after adsorption on TiO, electrodes) were
recorded using a UV-Visible spectrophotometer
(JASCO V-670). In addition, the sizes of the QDs
were measured with a high resolution transmis-
sion electron microscope (HRTEM). The current
density-voltage (J-V) characteristics were recorded
with a Keithley 2400 voltage source/ammeter using
GreenMountain I'V-Sat 3.1 software, when the CdSe
QDSSCs were subjected to the illumination of a
solar simulator (ABET technologies, Sun 2000 So-
lar Simulators, USA) operating at 100 mW/cm?
(AM1.5G). The intensity of the incident solar illu-
mination 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 all five sizes of CdSe
QDSSC:s (after 6 hours dipping time) were studied

at various illumination intensities using attenuators
and adjusted by the previous Si reference solar cell.
All experiments were carried out under ambient con-
ditions.

3. Results and discussion

3.1. Characterization of the CdSe QDs

The average particle size of all prepared CdSe
QDs, ranging from 4.0 nm for the smallest sample
(a) to 5.4 nm for the largest one (e) were estimated
using HRTEM. Fig. 1 (a, b, and ¢) shows TEM
micrographs, HRTEM micrograph, and a histogram
of particle size distribution for sample (e).

The UV-Vis. absorption spectra of the samples
in colloidal solution were obtained and given in
Fig. 2. The first excitonic absorption edges are easily
observed at 509, 532, 542, 566 and 583 nm for
samples (a), (b), (c), (d), and (e) respectively. The
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Fig. 2. UV-visible absorption spectra for CdSe QDs sam-
ples (atoe).

red shifts of the onset absorption spectra to longer
wavelengths with increasing particle size are due to
the varying quantum confinement effect.

The corresponding CdSe QDs radii were also
calculated using the effective mass approximation
(EMA) model [32]:

Eg(Nano) (R) = Eg(bulk) (1)
L[] e
8R2 |m, my| 4megR

where m, = 0.13mg and my, = 0.45mq [24] are the
effective masses of electron and hole respectively,
my is the electron mass, E, ;) =1.74 eV [10], is
the bulk crystal band gap, R is the average radius of
the nanocrystal, E,(yano) 1s the QD band gap value,
h is the Plancks constant and € = 5.8 [24], is the rela-
tive permittivity. The average particle sizes of CdSe
QDs, estimated based on Equation (1), ranged from
4.02 nm for sample (a) to 5.20 nm for sample (e)
which closely corresponded to those estimated from
TEM micrographs.

3.2. Characterization of CdSe QDs sen-
sitized TiO, electrodes (the working elec-
trode)

The UV-Vis. absorption spectra of each of the
working electrodes for all CdSe QDs sizes (a to )
were recorded for four dipping times (1, 3, 6, and
24 hour). As an example, Fig. 3 shows the absorp-
tion spectra of CdSe QDs (sample c) sensitized TiO;
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Fig. 3. UV-vis. absorption spectra of CdSe QDs (sample
c) deposited on TiO, NPs at 0, 1, 3, 6 and 24 hour
dipping time.
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Fig. 4. EDX of CdSe QDs (sample c¢) adsorbed onto
TiO; electrode.

electrodes as a function of dipping time. It is clearly
seen that the absorption increases as the adsorption
time increases due to the increase in the amount of
CdSe QDs loading. Furthermore, a significant shift
toward the visible spectra region is also observed.

To ensure the adsorption of CdSe QDs onto the
TiO, electrode, EDX was performed for CdSe QDs
sample (c) — TiO, working electrode, and the results
are shown in Fig. 4, where the peaks refer to Cd and
Se, in addition to Ti, Sn, and O,.

3.3. Characterization of CdSe QDSSC

Fig. 5 shows the J-V characteristics curve of
the assembled CdSe (sample c¢) QDSSCs for four
dipping times (1 h, 3 h, 6 h, 24 h) using TiO, photo-
electrodes and 100 mW/cm? from a solar simulator.
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Fig. 5. J-V characteristics curves of CdSe (sample c)
QDSSCs for (a) 1 h,(b) 3 h, (c) 6 h, and (d) 24 h
dipping time.

Table 1. J-V characteristic parameters of CdSe (sample
¢) QDSSC:s for different dipping times.

Dipping Vo, Jse FF Efficiency (1)

time (h) (Volt) (mA/cm?) (£0.01) %
1 0.51 044 048 0.11
3 0.53 047 040 0.13
6 0.50 1.62 048 0.29
24 054 062 060 0.20

The values of V., Js., FF, and 1 of the assem-
bled QDSSCs are given in Table 1. It is observed
that both J;. and 7 increase as the dipping time
increases up to 6 hours, peaking at 1.62 mA/cm?
and 0.29 % respectively. These values decreased
to 0.62 mA/cm? and 0.20 % for 24 hour dipping
time. All other CdSe QDs sizes showed the same
behavior. These results could be explained in terms
of the dipping time: as the time increases above
6 hours, there is an additional amount of CdSe QDs
loaded, leading to blocking the nanopores of TiO;
layer, and the reduction of both J,. and 7. Simi-
larly, Prabakar et al. [33] made the measurements
of J., and 1 of CdS QDs onto TiO, NPs by CBD
technique. In their work, they found that J;. and n
obtained in 1 minute deposition time were better
than those produced in longer dipping times. In our
work, the optimum dipping time of 6 h is due to
the fact that DA process needs longer time to be
optimized than CBD technique. The relatively long
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Fig. 6. J-V characteristic curve of QDSSCs of CdSe
QDs with the size: (a) 4.02, (b) 4.32, (c) 4.54,
(d) 4.84, and (e) 5.20 nm.

adsorption time in DA helps in reducing the limiting
effect of many parameters such as surface solution
cleanliness, and QD concentration in the dispersion
of TiO;.

Fig. 6 shows the J-V characteristics of the assem-
bled CdSe QDSSCs, constructed from the different
sized CdSe QDs (a to e) for the same dipping time
of 6 hours, under 1.5 AM illumination. Table 2 gives
characteristic parameters of the assembled cells.

It is clearly seen that as CdSe QDs size increases,
reaching 4.54 nm for sample (c), the values of J,
and 7 increase, peaking at 1.62 mA/cm? and 0.29 %
respectively. These values decrease for sample (d)
(0.62 mA/cm? and 0.17 %) and (e) (0.44 mA/cm?
and 0.13 %). These results are caused by two op-
posite effects influencing the photocurrent genera-
tion for the assembled cells. The first effect, the
decrease in the particle size, results in a blue shift
and thus causes relatively lower absorption of the
incident photons from the solar spectrum. There-
fore, the CdSe QDs of 4.54 nm size that correspond
to 542 nm onset of absorption spectra are compati-
ble to the maximum of the solar intensity spectrum
[34] and therefore can harvest more visible photons
than QDs with the sizes of 4.32 and 4.02 nm. The
second effect is the energetic alignments of CdSe
QDs and those of TiO, NPs, which can be deduced
from the EMA model (Eq. 1). In this Equation, the
third term represents the Coulomb energy, which is
generally a very small quantity compared with the
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Table 2. J-V characteristic parameters of CdSe QDSSCs for different
QDs sizes, at 6 hours dipping time, under 1 sun illumination.

CdSe QDs QD Band Gap V.

Jse FF Efficiency (1)

Size (nm)  Energy (eV) (Volt) (mA/cm?) (£0.01) %
4.02 2.44 0.51 0.51 0.42 0.11
4.32 2.33 0.49 1.04 0.51 0.26
4.54 2.26 0.50 1.62 0.48 0.29
4.84 2.19 0.50 0.62 0.56 0.17
5.20 2.13 0.52 0.44 0.55 0.13
21 Electron transfer
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Fig. 7. Summary of energy diagram showing the alignment of the VBM and CBM of CdSe QDs
with respect to TiO, valence and conduction bands (all data vs. vacuum).

kinetic energy (second term), hence, we can neglect
it [35]. The energy variation of the conduction band
minimum (CBM ) (the lowest unoccupied molecular
orbital (LUMO) levels) is inversely proportional to
m,, while the valance band maximum (VBM) (the
highest occupied molecular orbital (HOMO) levels)
is also inversely proportional to my, as shown in the
following equations [36, 37]:

h2
AEcpy = —— 2
CBM = g 2 (2)
h2
ABypy = —— 3
VBM S 3)

Since m, is much smaller than my,, thus the varia-
tion in the values of CBM are significantly larger
than that of VBM. Using Eqgs. 2 and 3, the values

of AEcgm were calculated as 0.72, 0.62, 0.56, 0.50,
and 0.44 eV, and AEcgym as —0.20, —0.18, —0.16,
—0.14, and —0.13 eV for CdSe QDs (a to e) respec-
tively. The value of the CB of bulk CdSe (—4.3 eV
vs. vacuum) as deduced from electron affinity [25],
is very close to the CB of TiO; (—4.3 eV vs. vac-
uum) [38]. The valance band (VB) for bulk CdSe,
is —6.04 eV vs. vacuum [25], which is well below
the VB of the redox potential of I"/I; (—4.94 eV vs.
vacuum) [20]. The energetic alignments diagram of
CdSe QDs adsorbed onto the TiO, NPs surface is
shown in Fig. 7. It is easily observed that as the size
of QDs decreases, the CB shifts to more negative
potential, which causes an increase in the driving
force. Consequently, the electrons injection to TiO,
NPs becomes faster, leading to an increase of the Jy,
and finally enhances 7. The increase in the values
of J;. and 7, seen as the size decrease from 5.20 to
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4.54 nm of CdSe particles, supports this reasoning.
Our results show that these two competing effects
are combined for the particle size of the radius of
4.54 nm.

The VBM variations of CdSe QDs are ap-
proximately the same for all sizes of the samples
(AEcgMm < —0.2 eV). This variation lowers the VB
of bulk CdSe (6.04 eV) [25, 39], and therefore, the
regeneration of CdSe QDs by the redox couple in
the electrolyte is energetically favored since the elec-
trolyte VB (—4.95 eV vs. vacuum [20]) is larger than
that of the VBM of CdSe QDs, as shown in Fig. 7.
Furthermore, it is seen that V. (0.50 £ 0.02 volt) is
independent of CdSe QDs size. This occurs since
the electrons are injected quickly from the CBM
of CdSe QDs to the lower CB energy of TiO, NPs,
indicating that the CB level of TiO, NPs and the VB
of the electrolyte decide about V,,. of the assembled
QDSSCs. In addition, the DA technique, which is
used to deposit CdSe QDs onto TiO, NPs, leads to
matching the CdSe QDs bands to that of TiO, NPs
without any barriers, which results in a direct elec-
tronic interaction between the two semiconductor
materials (CdSe QDs and TiO; NPs). So, DA tech-
nique minimizes the electrons injection time from
CBM of CdSe QDs to that of TiO, NPs.

Fig. 8(a) shows the performance of the assem-
bled CdSe (sample ¢) QDSSCs at various intensi-
ties of solar illumination (from 0-100 %). The J-V
characteristics curves were recorded for the 6 hour
dipping time assembly. It is seen that as the intensity
of the incident light increases, the measured J,. in-

creases linearly due to increased electrons injection,
as shown in Fig. 8(b). The approximately constant
value of V. indicates the high sensitivity of CdSe
QDSSCs that was prepared by DA method.

4. Conclusions

Pre-synthesized CdSe QDs of different sizes
were adsorbed onto TiO, NPs electrode using the di-
rect adsorption (DA) method, for different dipping
times up to 24 h, as a sensitizer for photovoltaic
cell. The reduction of both Js. and 1 as the dipping
time increased above 6 h are due to blocking the
nanopores of TiO; layer by the additional amount
of the loaded CdSe QDs. The maximum values of
short circuit current density (J;.) and conversion
efficiency (1) are 1.62 mA/cm? and 0.29 % respec-
tively, corresponding to 542 nm absorption edge of
CdSe QDs (size 4.54 nm) at 6 h dipping time, and
AM 1.5 simulated sunlight. Our results show that
this particle size connects the faster electron injec-
tion rate of small size particle and greater absorption
range of large size particle effectively. Furthermore,
as the intensity of the incident solar light increases,
Jsc increases linearly, indicating greater sensitivity
of the CdSe QDSSCs.
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