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CdSe Quantum Dots Sensitized TiO, Electrodes for Photovoltaic Cells
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Abstract : The eectronic properties of quantum dots can be tuned by changing the size of particles without any
change in their chemica composition. CdSe quantum dots, the sizes of which were controlled by changing the con-
centrations of Cd and Se precursors, were adsorbed on TiO, photoelectrodes and used as senstizers for photovoltaic
cdls. For applications of CdSe quantum dot as sengitizers, CdSe/TiO, films on conducting glass were employed in
a sandwich-type cell that incorporated a platinum-coated conductive glass and an eectrolyte conssting of an 17/l5™ redox.
The fill factor (FF) and efficiency for energy conversion (¢) of the photovoltaic cell was 62 % and 0.32 %, respectively.
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1. Introduction

The photosensitization of nanocrystalline TiO, by an
adsorption of a dye was pioneered by O'Regan and Grétzel
and investigations continued during the past three decades
because the potential as a low cost aternative to conven-
tional silicon solar cells.*® In this system, a very large sur-
face-to-volume ratio of nanocrystalline TiO, is used for
coverage of the dye onto a TiO, surface. Quantum sized
semiconductor materials (quantum dots) such as CdS, PbS,
InP, CdSe have recently been reported for possible use as a
photosensitizer absorbing photons on TiO,.*® Considerable
interest has developed regarding quantum dots because of
their unique electronic and optical properties. When their
size is sufficiently small (below the exciton radius), they
exhibit a quantum confinement effect leading to a size-
dependent separation between the valence and conduction
band. Thus, their band gap can be widened as their size is
increased, permitting the optical and electronic properties of
meaterials to be tailored for specific applications. That is, the
electronic properties of quantum dots can be tuned by chang-
ing the size of the particles without changing their chemical
composition. The use of quantum dots as sensitizers have
advantages compared to organic dyes that are an adjustable
band gap or band edge, effective light harvesting, and their
possible stability under sun light. Most quantum dots for use
as sensitizers can be produced by in situ-precipitation on the
TiO.*” InP quantum dots as sensitizers were obtained by
synthesis in a desired size following their adsorption to the
surface of TiO, nanoparticles®

In this work, CdSe quantum dots having a desired size
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were synthesized and used as sensitizer of TiO, nanoparti-
cles. CdSe quantum dots have been widely studied and
methods of controlling their size are well established.**? The
final size of CdSe dots was controlled by changing the con-
centration of the Cd and Se precursors. For sensitization of
TiO,, CdSe quantum dots, the sizes of which were 5.5+0.4
nm, with a corresponding band gap of 2.08 eV were used.
CdSe quantum dots/TiO, photoelectrodes were then applied
for use in photovoltaic cells.

2. Experimental

CdSe quantum dots were synthesized by rapidly injecting a
solution of dimethylcadmium (Me,Cd) (Strem) and selenium
(99.999%, Aldrich) in trioctylphosphine (TOP) (95%, Aldrich)
into trioctylphosphine oxide (TOPO) (90%, Fluka) at 350°C
with subsequent heating at 250-280°C Complete details have
been described elsewhere. The final size of the CdSe dots
was controlled by changing the concentration of Cd and Se
precursors when the precursors were injected under condi-
tions of maintaining the temperature of the TOPO. The
growth of CdSe quantum dots was achieved by secondary
injection of concentrated precursors into the solution to
obtain the desired size (5.5 nm) with an acceptable size dis-
tribution. After washing and removing the TOPO, monodis-
persed CdSe quantum dots were produced, dispersed in
hexane, and were used as sensitizers of TiO,.

Nanocrystalline TiO, films were prepared as described
elsewhere.>™® A durry was prepared by mixing commercial
TiO, powders (P25, Degussa) with Triton X-100 and acety-
lacetone and the durry was then deposited onto conducting
glass (F-doped SnO, (FTO), Asahi glass). After air drying,
the TiO, films were sintered a 425°C for 1 h. For adsorption
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of CdSe quantum dots to TiO, electrodes, the electrodes
were immersed into a colloidal solution of CdSe quantum
dots in hexane. The adsorption process required several hours
before the electrodes became opaque or optically scattered.

In the photoelectrochemical cell configuration, CdSe/TiO,
eectrodes were employed in a sandwich-type cell incorporating
a Pt sputtered indium tin oxide (ITO) coated glass and a non
aqueous dectrolyte consisting of 0.3 M Lil and 0.03M 1, in
an acetonitrile solution. The cell was not sealed, but simply
pressed and fixed by clamps. The cell was tested under AM
1.5 solar conditions using Xe (Mdiler, 500 W) lamp and an
AM 1.5 filter without an IR or UV cut off. The photochemical
behavior was investigated by means of a 1287A potentiostat/
gavanostat (Solatron).

Optical absorption spectra of CdSe quantum dots were col-
lected at room temperature on a Hewlett-Packard 8452 diode
array spectrometer using 1 cm quartz cuvettes. Photolumines-
cence experiments were carried out on an ACTON spectrom-
eter (SpectraPro-300i) connected to a photomultiplier tube
(Acton Research, PD-438) with a Xe lamp as an excitation
source connected with another monochrometer (SpectraPro-
150i). Wide angle XRD patterns were obtained using a
Rigaku X-ray diffractometer. To investigate the optica prop-
erties of CdSe/TiO, electrodes, absorbance experiments were
carried out using a UV-Visible spectrophotometer (Cary 1E,
Varian). The morphologies and compositions of the films
were observed by SEM (S-4700, Hitachi) and EDX (Digital
Instruments). Transmission electron microscopy (TEM)
images of CdSe quantum dots were obtained using a Philips
technai F 20 electron microscope. CdSe quantum dots, dis-
solved in hexane, were dropped onto the thin amorphous car-
bon supported by a copper grid and dried at 60°C in the
vacuum for TEM images.

3. Results and Discussion

Fig. 1 shows the absorbance (dot line) and photolumines-
cence (solid line) of CdSe quantum dots in hexane. The
absorbance of the CdSe quantum dots showed a broad spec-
trum having a peak at 596 nm with a corresponding band
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Fig. 1. Absorbance and photoluminescence of CdSe quantum dots
with asizeof 55 &+ 0.4 nm.

gap of 2.08eV. The sizes of CdSe quantum dots could be

estimated from the absorbance values. In the tight confine-

ment limit (Bohr diameter of CdSe is about 6 nm), the bandgap

size is dependent on the radius (R) of particles based on
equation (1).*¥
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This equation depends upon known bulk parameters. two
effective masses, m, (0.13m) and my, (0.6 m), the € is product
of & (9.7) and &, (The values of parameters are taken from
the CRC Handbook.'® The bandgap size of bulk CdSe is
1.74 eV, as a result, the size of the CdSe quantum dots is
approximately 5.6 nm, based on the above equation. The
photoluminescence of CdSe quantum dots was measured
using an excitation wavelength of 550 nm. Fig. 1 shows the
photoluminescence of CdSe quantum dots having an excita

tion spectrum in the range of 580 to 680 nm at a maximum
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Fig. 2. XRD spectra of CdSe quantum dots.

Fig. 3. TEM image of CdSe quantum dots.
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emisson of approximately 630 nm. Narrow emisson line widths
indicate the growth of crystallites with few electronic defect
sites. The sizes were confirmed by investigating XRD mea-
surements, as shown in Fig. 2. The diameter of the CdSe
guantum dots was approximately 5.4 nm based on the (110)
reflection a 20 of 41.95°. The main (002) reflection of the
CdSe at 26 = 25.34° was not used because it was obscured
by overlaping (100) and (101) reflections. The sizes of the
CdSe quantum dots were confirmed by TEM, as shown in
Fig. 3. From the TEM images, the average size and devia-
tion of CdSe quantum dots was about 5.5 nm and+0.4 nm,
respectively. This is in good agreement with XRD and
absorbance data. The success in fabrication of CdSe quantum
dots with a size of 5.5+£0.4 nm was verified by XRD and
the sizes of quantum dots were investigated by XRD, TEM,
and absorbance.

CdSe quantum dots were adsorbed on a nanocrystalline
TiO, electrode having a thickness of about 5 um for a pho-
tovoltaic cell. Fig. 4 shows the absorption spectra of the
TiO, electrode and CdSe quantum dots which are adsorbed
to the TiO, electrode. The absorption spectrum of CdSe
guantum dots on the TiO, eectrode was coincident with the
combination of the spectra of the TiO, electrode and the
CdSe quantum dots. In the absorption spectrum, the absorp-
tion of CdSe quantum dots in the visible range was not high
in comparison with a typical dye adsorbed to a TiO, elec-
trode. This result is presumably caused by less loading of
sensitizer, quantum dots when compared to organic dyes.
This may result in alow photocurrent due to a low light-har-
vest and conversion to current, as mentioned below.

The surface coverage of CdSe quantum dots onto TiO,
electrodes was observed by means of SEM, as shown in Fig.
5. Fig. 5a shows an SEM image of a TiO, electrode and fig.
5b shows an SEM image of CdSe quantum dots adsorbed to
a TiO, electrode, in which the quantum dots (small spots
having a brighter color than TiO,) were uniformly adsorbed
and covered the surface of the TiO, electrode. But, this SEM
image is not clear to figure out adsorption of quantum dots
on TiO, surface. To make sure, the adsorption of CdSe quantum
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Fig. 4. Absorption spectra of a nanocrystalline TiO, film on a FTO
(dashed line) and CdSe quantum dotson a TiO; film (solid line).
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Fig. 5. SEM images: (a) nanocrystalline TiO, film on aFTO, and (b)
CdSe quantum dots adsorbed to a TiO, film.
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Fig. 6. EDX data: (a) nanocrystalline TiO, film on FTO, and (b)
CdSe quantum dots adsorbed toa TiO, film.
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dots onto the TiO, electrode was confirmed by EDX, as shown
in Fig. 6. The EDX data for a TiO, electrode and a CdSe/
TiO, electrode are shown in Fig 6(a) and (b), respectively.
Cd and Se elements, which are not shown in the EDX of the
TiO, electrode, appear in the EDX of CdSe/TiO, eectrode.
It is known that the pores of a TiO, are sufficiently large for
small quantum dots to penetrate and are loaded in the TiO,.2)
CdSe quantum dots were well adsorbed into the TiO, dectrode
in this work.

In the photodectrochemica cell configuration, CdSe quantum
dots adsorbed TiO, electrodes were employed in a sandwich-
type cell incorporating a Pt sputtered ITO and a non aqueous
dectrolyte including I7/I3~. The current density-voltage char-
acteristics of the photovoltaic cell using CdSe quantum dots
under conditions of illumination are shown in Fig. 7. Open-
circuit voltage (Vo) and short circuit current density (Jy) of
the cell under 10 mW/cm?, AM 1.5 solar conditions was
0.59 V and 88 pA/cm?, respectively. The corresponding fill
factor (FF) and efficiency for energy conversion (n) of the
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Fig. 7. Current-voltage characteristics of a photovoltaic cell using a
CdSe quantum dots/TiO, photoelectrode. The counter eectrode is
Pt-coated ITO-glass. The electrolyte consists of 0.3M Lil and
0.03M Lil, in acetonitrile. The cell was tested under conditions of
10 mW/cm? AM 1.5 solar.
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Fig. 8. Current responseto light (AM 1.5, 2 mW/cm?) at a potential
of OV.

photovoaltaic cell was 62% and 0.32%, respectively. In a view
of stability, the efficient I"/l3” redox system could not give
stability in quantum dots-sensitized cells because of a fast
dissolution of quantum dots. So, finding and incorporating
aternative good redox couple for quantum dots-sensitized
solar cells is under issue. The reason of the low efficiency
with respect to energy conversion in photoelectrochemical
cells using quantum dots such as the high photoconductivity
of quantum dots /TiO, films was introduced by Zaban et a9
In our work, the low loading of CdSe quantum dots in the
range of visible light congtitutes another important reason for
the low efficiency of energy conversion because the size of
quantum dots is much larger than sensitizers. The efficiency
of energy conversion is the product of three key factors. (a)
light harvesting efficiency (related to a spectral and photo-
physical properties of sensitizers), (b) charge injection yield
(related to a desorption of senditizer or the excited state redox
potential), and (c) charge collection efficiency (related to a
structure and morphology of TiO, films).2¥1) The light har-
vesting efficiency of CdSe quantum dots was lower than that
of the dye because the absorption of visible light was low as
evidenced by the absorption spectrum as mentioned above.
The charge injection yield might have no or little effect on
the low efficiency of energy conversion. The charge transfer
from CdSe quantum dots to TiO, films was indirectly defined
by investigating photocurrent response. When the pulse of
light source (2 mw/cm? with AM 1.5 filter) was turned onto
the photovoltaic cell comprised of CdSe/TiO, photoelectrode,
a photocurrent response was shown in Fig. 8. The photocur-
rent at the moment of illumination was generated in below 1
sec. This rapid response of photocurrent indicates a rapid
charge injection. When the light was turned off, the current
decayed to zero after a longer time, in excess of 15 sec, in
comparison with the moment of illumination. The reason for
this is the long lifetime of injected electrons. The charge col-
lection efficiency is dependent on the rapid recombination of
injected electrons into TiO, with redox mediator.'” The fill
factor of the photovoltaic cell comprised of a CdSe/TiO,
photoelectrode was not low, as mentioned above. Thus, the
low light harvesting due to low loading of sensitizers was a
major factor and made the efficiency of energy conversion to
be low vaue.

4. Conclusions

CdSe quantum dots with a desired size were fabricated and
used as sensitizers of photovoltaic cells. CdSe quantum dots,
as the sensitizers, were adsorbed to TiO, and open-circuit
voltage (Vo) and short circuit current (Is) of the cell including
CdSe quantum dots under 10 mW/cm? AM 1.5 solar condi-
tions were found to be 0.59V and 88 pA/cny, respectively.
The corresponding fill factor (FF) and efficiency for energy
conversion (n) of the cell was 62% and 0.32%, respectively.
However, the efficiency of the photovoltaic cell was much
low in comparison with typical dye-sensitized solar cells.
This result may be induced from low light harvesting effi-
ciency of CdSe quantum dots in visible light due to low
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loading of quantum dots. However, CdSe quantum dots can
be used for supplement of dye or other quantum dots such as
CdS to increase the efficiency of photovoltaic cells. Studies
directed at addressing this issue are now in progress.
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