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In this paper we describe the preparation of CdTe quantum dot-sensitized solar cells (QDSSCs). We
coated FTO substrates with 21 nm-diameter TiO, nanoparticles (NPs) and then immersed the system in
poly(dimethyldiallylammonium chloride) (PDDA) solution under ambient conditions. The treated
substrates were then subjected to 3 nm-diameter CdTe NP solution at 100 °C for various periods of
times. To increase the degree of deposition and to obtain CdTe QDs of various sizes, we performed the
coating of the CdTe QDs through three heating cycles for 24, 12, or 6 h. The as-prepared (TiO,);-
PDDA-(QDcgre)3-FTO electrodes were then used to fabricate (TiO,)3-PDDA-(QDcg4re)s-FTO
QDSSCs employing 1-ethyl-3-methylimidazolium thiocyanate incorporating 1.0 M Lil and 0.1 M I, as
electrolytes. The heating treatment allows the QDSSCs to harvest energy at a higher efficiency in the
visible region of solar light. As a result, the as-prepared QDSSCs feature a high energy conversion
efficiency (n = 2.02%) and a high open-circuit photovoltage (¥, = 850 mV) at 100% sunlight (AM1.5,

100 mW/cm?).

Introduction

Because of the recent trends in global warming and the signifi-
cant increase in the price of oil,! the development of environ-
mentally clean energy resources has become a critical issue.’
Single-crystalline SiO,-based chips are at present the most
commonly used materials for the fabrication of solar cells,
mainly because of their high energy conversion efficiency (n >
22.6%).2 Nevertheless, their high cost limits their practical
applicability. Dye-sensitized solar cells (DSSCs), on the other
hand, offer the advantages of low cost, moderate values of 75
(e.g., 10%), and flexibility (e.g., they can be used on plastic
substrates); as a result, they have become more popular materials
for fabrication of solar cells.>® Ruthenium complex-based
photosensitizers (e.g., N3 dye) and nanocrystalline TiO, films can
be used to prepare DSSCs that provide a value of n of ca. 10% at
100% sunlight (AM1.5, 100 mW/cm?).** The use of these DSSCs
can be problematic, however, because of their high cost and short
lifetime.

Quantum dots (QDs), which are easy to prepare on a large
scale and absorb strongly in the visible region, have become
interesting and possibly cost-effective sensitizers for the fabri-
cation of solar cells. QDs have unique size-dependent optical
properties, tunable visible responses and variable band offsets
that allow modulation of the vectorial charge transfer, and
generate multiple charge carriers from a single photon.*® The
semiconductors used most commonly in QD-sensitized solar cells
(QDSSCs) are InP,' PbS,' CdSe,'? and InAs,"® which have
smaller band gaps to those of semiconductors such as TiO, and
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SnO,. Unfortunately, QDSSCs provide lower 7 values relative to
most DSSCs, which possess high photoelectrical efficiency over
a large span of the visible light spectrum under direct irradiation
with sunlight.'* Another reason for the low efficiencies of
QDSSCs is that the QDs are generally not bound effectively to
the TiO, nanoparticles (NPs), leading to low deposition of QDs
on the TiO, surface.’? It has been noted previously that the
formation of stable complexes between the sensitizers and
the TiO, NPs is essential to achieve high degrees of deposition of
the sensitizers.'® Indeed, QD surfaces have been modified with
bifunctional molecules, such as mercaptopropionic acid (MPA),
to improve the binding and the efficiency of the photoinduced
charge transfer between CdSe QDs and either TiO, NPs or TiO,
nanotubes.’*'® InAs QDs capped with trioctylphosphine oxide
(TOPO) and trioctylphosphine (TOP) as sensitizers have been
used to prepare QDSSCs on TiO, films, resulting in values of 1 of
up to 1.7 and 0.3%, respectively, under illumination at 5 and 100
mW/cm?, respectively.'®* In these cases, the increased binding
between the InAs QDs and the TiO, NPs was due to the strong
interactions between phosphate residues and Ti.*3!7

Volatile and toxic organic solvents, such as acetonitrile,
methoxyacetonitrile, and 3-methoxypropionitrile, are commonly
used for the preparation of QDSSCs.>'¥1® These organic
solvents are environmentally unfriendly and vaporize readily,
leading to QDSSCs exhibiting short lifetimes. To overcome these
problems, highly ionically conductive, nonvolatile, and thermally
stable room temperature ionic liquids (RTILs) are more suitable
for use in the preparation of DSSCs.?*? In addition, the charge
transport rate of the I7/I;~ redox couple can be promoted
effectively within RTILs at a high concentration. For instance,
the short circuit photocurrent density (/) of DSSCs is enhanced
when using RTILs containing a high concentration of the I/I5~
redox couple.** RTILs such as 1-dodecyl-3-methyl-
imidazolium iodide, 1-propyl-3-methylimidazolium iodide, and
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1-ethyl-3-methylimidazolium thiocyanate have been used to
increase the ionic conductivity and, thus, provide DSSCs
exhibiting high current densities and photoelectric conver-
sions.?*2*

In this study, we used poly(dimethyldiallylammonium chlo-
ride) (PDDA) to link CdTe QDs to TiO, NPs through electro-
static attraction. We expected that CdTe QDs having a high
extinction coefficient (4.4 x 10* M~' cm~") at 370 nm and valence
band, conduction band, and band gap energies of —3.9, —5.5,
and +1.6 eV, respectively, would behave as sensitizers capable
of effectively injecting electrons into TiO, NPs (band gap:
3.4 eV).?52¢ Through thermal processing, we prepared (TiO,),,-
PDDA-(QDcgre),-FTO electrodes that we used in the
fabrication of QDSSCs.?” In the QDSSCs, we used 1-ethyl-3-
methylimidazolium thiocyanate (EMImSCN) as the solvent to
prepare I7/15~ electrolytes because of its high conductivity (2.1 S/
m) and low viscosity (21 mPas) at room temperature, relative to
those of other RTILs.*® We investigated the impact that the
heating process of coating CdTe QDs on (TiO,);-PDDA-FTO
substrates at 100 °C had in determining the optical properties
and 7 values of the QDSSCs.

Experimental
Chemicals and instruments

TiO, NPs having diameters of 21 + 4.5 nm (P25, Degussa),
cadmium perchlorate [Cd(ClOy),, 99%], tellurium powder
(200 mesh, 99.8%), ethylene glycol (99%), hydrogen hexa-
chloroplatinate(iv) hexahydrate (H,PtCls-6H,0, 99%), PDDA
(M, 400 000-500 000, 20 wt% aqueous solution), MPA (99+%),
sodium hydroxide, poly(vinylpyrrolidone) (PVP, M, 55 000),
methyl cellulose (2.0 wt% aqueous solution), polyethylene glycol
(PEG, M, 5000), and EMImSCN were purchased from Sigma—
Aldrich (Milwaukee, WI, USA).

High-resolution transmission electron microscopy (HR-TEM)
images were recorded using an H-7100 TEM system (Hitachi,
Tokyo, Japan). Energy-dispersive X-ray (EDX) spectra were
obtained using the HR-TEM system. Scanning electron micros-
copy (SEM) images were obtained using an ERA-8800 SEM
system (Elionix, Tokyo, Japan). Nitrogen (N,) adsorption/
desorption isotherms of TiO, NP films were measured using
a Micromeritics Tristar 3000 apparatus (Particle & Surface
Science, Pty. Ltd., NSW, Australia) at liquid nitrogen tempera-
ture. Before the measurements, the samples were degassed at 100
°C for 12 h. The specific surface areas were evaluated using the
Brunauer—Emmett-Teller (BET) method.

A double-beam UV-Vis spectrophotometer (Cintra 10e, GBC,
VIC, Australia) was used to measure the absorption of CdTe
QDs. The photocurrent-voltage (I-V) curves were measured
under the illumination provided by a solar simulator (Oriel 6691
450-W xenon arc lamp, CT, USA) at 100% sunlight (AM1.5, 100
mW/cm?). A Si photodetector (Photonic Solutions, Edinburgh,
UK) was used as a reference. An Autolab potentiostat/galva-
nostat (Eco Chemie B.V., Kanaalweg, Netherlands) was used to
record the I~V characteristic of the as-prepared QDSSCs.
Photocurrent and open-circuit photovoltages (V,.) were
measured using a Keithley 2400 programmable electrometer
(Test Equipment Connection Corporation, Lake Mary, FL,

USA). The incident photon-to-current conversion efficiency
(IPCE) was measured using a high-intensity grating mono-
chromator (Spectra-Physics, Oriel Cornerstone 130); the light
intensity was measured using an OPHIR 2A-SH thermopile
detector (Oriel, CT, USA).

Preparation of CdTe QDs

Water-soluble CdTe QDs were prepared using a method
described previously.?® Briefly, NaBH, (0.08 g) was reacted with
Te powder (0.127 g) in water (1.0 mL) to produce sodium
hydrogen telluride (NaHTe, 0.99 M). The NaHTe solution (0.5
mL) was then added to a N,-saturated mixture (74.8 mL; pH
11.2) of MPA (38 mM) and Cd(ClOy), (16 mM) to give a final
Cd**/MPA/HTe™ molar ratio of 1 : 2.4 : 0.5. This mixture was
then heated under reflux at 80 °C for 20 min. The color of the
solution changed from dark red to orange-yellow, indicating the
formation of CdTe QDs that fluoresced at 505 nm when excited
at 350 nm. The CdTe QDs were purified by using 10k membranes
(Millipore, Carrigtwohill, Co Cork, Ireland), which allowed
removal of free ligands such as MPA and unreacted precursor
ions from the CdTe QDs. The as-prepared CdTe QDs (ca. 3 nm)
were characterized using HR-TEM and EDX spectroscopy
(Fig. S1t). UV-Vis absorption measurements® revealed that the
concentration of CdTe QDs was ca. 50 pM.

Synthesis of Pt NPs

Pt NPs were synthesized using the polyol method.*! In a typical
synthesis, PVP (0.14 g) was added to a solution of 0.01 M
H,PtCls-6H,0 in ethylene glycol (50 mL) and then the mixture
was heated at 160 °C for at least 2 h. The color of the
solution turned black, indicating the formation of Pt NPs. The
as-prepared Pt NPs were subjected to three centrifugation/wash
cycles (15000 rpm for 10 min) and then they were stored in
ethanol prior to use. A HR-TEM image (not shown) revealed
that the diameters of the as-prepared Pt NPs were 4.9 + 1.1 nm.

Preparation of (TiO,),,-PDDA-FTO substrates

TiO, powder (6.0 g) was stirred in diluted aqueous HNOj; solu-
tion (1 : 120, v/v%) under heating at 80 °C. After § h, the
dispersion was dried in a rotary evaporator to provide a TiO,/
NO;~ powder (ie., HNO; adsorbed on the TiO, surface).
Coating pastes were prepared by mixing TiO,/NO5z~ (0.8 g), H,O
(4 mL), methyl cellulose (0.08 g), and PEG (0.24 g); methyl
cellulose and PEG were used as thickening and porosity-
increasing materials, respectively.3? The modified TiO, paste was
degassed and then coated on F-doped tin oxide (FTO) substrates
(electrodes) using the doctor-blade technique.**** The area of
each of the conducting FTO substrates was 1.5 x 2.0 cm?
(transmission: >90%; sheet resistance: 9 Q sq~'). The two edges of
each FTO substrate were sealed using adhesive tape. The FTO
substrates, each covered with a TiO, film, were then dried at
50 °C. One to three coating/heating cycles were used to fabricate
the (TiO,),-FTO substrates (m = 1-3). The (TiO,),-FTO
substrates (1 = 1-3) were then sintered at 450 °C for 30 min in
dry air. After thermal annealing, the (TiO,),-FTO substrates
were immersed overnight in a solution of 4% PDDA containing
0.5 M NaCl to prepare the (TiO,),-PDDA-FTO substrates
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Scheme 1 (A) Fabrication processes employed to prepare the
(TiO;),,-PDDA-FTO substrates (m = 1-3). (a) TiO,-FTO substrate
prepared using a doctor-blade technique and then dried at 50 °C for 1 hin
each preparation cycle. (b) Sintering at 450 °C for 30 min. The dry
(TiOy),,-FTO substrates were then immersed separately in PDDA solu-
tions for 12 h. (B) Fabrication processes employed for the preparation of
the (TiO,);-PDDA-(QDcqyre),-FTO (n = 1-4) electrodes at 100 °C, with
heating times of 24, 12, 6, and 1 h for the first to fourth cycles, respec-
tively. Solid circles represent CdTe QDs.

(Scheme 1A), which each had an effective area of 0.16 cm?.?” The
substrates were subjected to air drying and then rinsing with DI
water and ethanol to remove any unbound PDDA.

Fabrication of (TiO,)3-PDDA-(QDcqr.).-FTO electrodes

The (TiO,);-PDDA-(QDcgr.),-FTO electrodes (n = 1-4) were
obtained by immersing the (TiO,);-PDDA-FTO substrates into
CdTe QD solution (Aey; = 505 nm; 50 uM, 5 mL) and then
heating at 100 °C in an oven (Scheme 1B). This temperature was
chosen to increase the coverage area of the CdTe QDs on the
TiO,-PDDA-FTO substrates; it also allowed the band edge of
the CdTe QDs on the (Ti05)3-PDDA-(QDcgte),,-FTO electrodes
to be tuned by controlling the reaction time in each step. The
(Ti0,);-PDDA-FTO substrates prepared after conducting the
first step for 24 h are denoted herein as the (TiO,);-PDDA-
(QDcgate)1-FTO electrodes. The (TiO,);-PDDA-(QDcqgte)1-FTO
electrodes were then placed in a freshly prepared CdTe QDs
solution (A, = 505 nm; 50 uM) for 12 h to perform the second
coating step, providing the (TiO,);-PDDA-(QDcgte)>-FTO
electrodes. Similarly, the (TiO;);-PDDA-(QDcgte)2-FTO elec-
trodes were used to prepare the (TiO,);-PDDA-(QDcqgre)s-FTO
electrodes, which were then used to prepare the (TiO,);-PDDA-
(QDcqte)a-FTO electrodes, at the third and fourth coating times
of 6 and 1 h, respectively. All of these as-prepared
(Ti0,)3-PDDA-(QDcgre),-FTO electrodes (n = 1-4) were
cleaned sequentially with doubly distilled H,O and ethanol and
then dried at 100 °C.

Fabrication of (TiO,);-PDDA-(QDcqare),-FTO QDSSCs

The as-prepared (Ti05);-PDDA-(QDcgre),-FTO electrodes (n =
1-4) were dried in an oven at 100 °C for at least 1 h. Counter
electrodes were prepared by placing a drop of the Pt NPs onto
the FTO glass substrates and drying at 100 °C for 30 min. The Pt-
coated counter electrodes were then sintered at 450 °C for 30
min. The (TiO,);-PDDA-(QDcqre),,-FTO electrodes (n = 1-4)

and Pt-coated counter electrodes were assembled in a sandwich
configuration and sealed with a spacer, after annealing at 100 °C
for 1 h. The as-prepared (TiO,);-PDDA-(QDcgre),-FTO
QDSSCs (n = 1-4) were placed in an oven at 100 °C for 1 h to
avoid the absorption of water prior to use in the experiment. An
EMImSCN solution containing 1.0 M Lil and 0.1 M I, as
electrolytes was injected into each of the (TiO,);-PDDA-
(QDcyre)-FTO QDSSCs (n = 1-4).3 To enhance the conduc-
tivity of electrodes, Cu tapes were pasted on the (TiO,);-PDDA-
(QDcqyte)-FTO QDSSCs (n = 1-4).

Results and discussion

Preparation of (TiO,),-PDDA-FTO sfubstrates and (TiO;)s-
PDDA-(QDcqre),-FTO electrodes

Scheme 1A displays the doctor-blade method we used to fabri-
cate the (TiO,),,-FTO substrates (m = 1-3).” The (TiO,),,-FTO
substrates were then modified with PDDA to prepare the
(TiO,),,-PDDA-FTO substrates (m = 1-3). At pH 10.5, TiO,
NPs (pI = 4.5) possess negatively charged surfaces, whereas
PDDA is positively charged; therefore, they interact through
electrostatic attraction. Fig. 1 displays SEM images of the
surface morphologies of the (Ti0O,),,-PDDA-FTO substrates (m
= 1-3). The surface of each of the coating films was smooth, with
no cracks appearing on the surface of the TiO, film. From the
SEM and BET analyses, we estimated the (TiO,),,-PDDA-FTO
(m = 1-3) substrates to have thicknesses of 26.6, 46.6, and
61.3 um, respectively, and specific surface areas of 48.1, 52.1,
and 54.3 m? g7, respectively. Thus, the amount of TiO, NPs on

G

Fig. 1 (a—c) Top-view SEM images of the (a) (TiO,),-PDDA-FTO, (b)
(TiO,),-PDDA-FTO, and (c) (TiO,);-PDDA-FTO substrates and (d-e)
cross-sectional SEM images of the (d) (TiO,);-PDDA-FTO, (e)
(Ti0,),-PDDA-FTO, and (f) (TiO,);-PDDA-FTO substrates.
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the (TiO,),,-PDDA-FTO substrates increased upon increasing
the value of m (i.e., the number of heating cycles). We expected
that a greater amount and larger surface area of TiO, NPs on the
substrates would increase the electron transfer efficiency of the
substrates. In addition, we expected that more PDDA molecules
would be present on the films, leading to an increased loading of
CdTe QDs. The TiO, film of the (Ti0,);-PDDA-FTO substrate
became too fragile for use in the fabrication of the
(Ti0,)4-PDDA-(QDcgte),-FTO electrodes (n = 1-4). Thus,
we used the (TiO,);-PDDA-FTO substrates to fabricate the
(Ti0,);-PDDA-(QDcgre),-FTO electrodes.

Scheme 1B displays the processes that we used for the fabrica-
tion of the (Ti0,)3;-PDDA-(QDcgr.),-FTO electrodes (n = 1-4) at
100 °C, prepared through one to four heating cycles, each for
a different length of time. The CdTe QDs were bound to the TiO,
NPs through electrostatic interactions with surface-bound PDDA.
We conducted multiple coating steps and used various heating
times to increase the amounts of the differently sized CdTe QDs
that adsorbed onto the (TiO,);-PDDA-FTO substrates. The
SEM images of the surface morphologies of the (TiO,);-PDDA-
(QD),-FTO electrodes (n = 1-4) are shown in Fig. S2.+ While
heating at 100 °C, the sizes of the CdTe QDs increased as a result
of Ostwald ripening.*® The sizes also increased upon increasing the
reaction time (see the detailed discussion in the next section). As
a result of inefficient binding of the larger-sized CdTe QDs to the
TiO, NPs, some spaces in the TiO, films remained for the binding
of more smaller-sized CdTe QDs. Thus, the reaction time
decreased for each subsequent heating cycle: 24, 12, 6, and 1 h for
the first to fourth cycles, respectively.

Optical properties of (TiO;);-PDDA-(QDcqgre),~FTO electrodes

To test the suitability of wusing the (TiO,);-PDDA-
(QDcyre)n-FTO electrodes (n = 1-4) for the fabrication of
QDSSCs, we measured their absorption properties. Fig. 2A
reveals that the absorbance at ca. 600 nm increased upon
increasing the value of n from 1 to 3, but it decreased from 3 to 4.
We observed wider absorption peak profiles upon increasing n,
mainly due to the coating of the different sizes of CdTe QDs; the
increases in absorbance were due mainly to the greater amounts
of the CdTe QDs adsorbed on the TiO, film. The ICP-MS results
shown in the inset of Fig. 2A also demonstrated that the contents
of CdTe QDs in the (TiO,);-PDDA-(QD),-FTO electrodes
increased upon increasing the values of # from 1 to 3 and then it
decreased upon increasing n from 3 to 4. Our success in achieving
relatively high coverages of CdTe QDs in these TiO, films arose
mainly because we filled small-sized CdTe QDs into the porous
networks of the TiO, films. Although the absorbance at ca. 500
nm of the (Ti0,)3-PDDA-(QDcgte),,-FTO electrodes increased
upon increasing the value of n from 3 to 4, the absorbance
decreased at wavelengths greater than 550 nm, mainly because of
the instability of the CdTe QD coating. In other words, some of
the larger-sized CdTe QDs were replaced by smaller-sized CdTe
QDs. Fig. S31 shows that the size distributions of CdTe QDs in
the (TiO,)3;-PDDA-(QD),-FTO electrodes (n = 1-4), which were
determined by HR-TEM. Upon increasing the deposition cycles
from the values of n from 1 to 4, the size distributions of CdTe
QDs of each electrodes became broader, which are correlated
with the wider absorption of CdTe QDs in the visible region.
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Fig. 2 (A) Absorption spectra of the (a) (TiO,);-PDDA-
(QDcaro)-FTO,  (b) (Ti05)s-PDDA-(QDcqre)>-FTO, (o) (TiOy)s-
PDDA-(QDCdTe)3-FTO, (d) (TiOQ)3-PDDA-(QDche)4-FTO electrodes,
and (e) (TiO,);-PDDA-FTO as control. Inset: contents of CdTe QDs in
the (TiO,);-PDDA-(QD),-FTO electrodes (n = 1-4). The concentrations
of cadmium ions were determined by ICP-MS. (B) Absorption spectra of
CdTe QD solutions heated at 100 °C for (a) 0, (b) 1, (c) 6, (d) 12, and (e)
24 h. Inset: sizes of the CdTe QDs plotted with respect to the heating
time.

The absorption spectrum of a sensitizer plays an important role in
determining the energy conversion efficiency of DSSCs.!%16:37:38
We were encouraged that the relatively high absorption in the
visible spectrum by our (TiO,);-PDDA-(QDcgyr.)s-FTO elec-
trode would ensure a greater absorption (>80%) of the incident
visible light. Our multilayer coverage of CdTe QDs on the TiO,
films is analogous to the modification of mesoscopic TiO, films
with sensitizing dyes.** Our optical analysis suggested that the
(Ti0,);-PDDA-(QDcgte)3-FTO electrode would be the optimal
structure for the fabrication of the QDSSCs.

To further understand the changes in the absorption spectra
that occurred during the various heating processes, we conducted
similar experiments using aqueous CdTe solutions. Fig. 2B
reveals that red shifts in the absorption of the CdTe solutions
occurred upon increasing the heating time from 1 to 24 h. This
situation arose mainly because Ostwald ripening (i.e., the atoms
that dissolved from the smaller-sized CdTe QDs grew onto other
CdTe QDs to form larger-sized CdTe QDs) occurred while
heating at 100 °C, leading to increases in the sizes of the CdTe
QDs (see the inset to Fig. 2B), as evidenced from HR-TEM
images.?* Heating for 24, 12, 6, and 1 h resulted in CdTe QDs
having sizes of 5.7, 4.5, 3.5, and 3.0 nm, respectively. We noted
that the absorption wavelengths underwent a red shift upon an
increase in the size of the QDs.
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Photocurrent-voltage characteristics of QDSSCs

The energy diagram showing the operating principle of the
QDSSC is depicted in Scheme 2A. At the heart of the system is
a mesoscopic TiO, film, which is placed in contact with a redox
electrolyte. Photoexcitation of the CdTe QDs results in the
injection of an electron into the conduction band of the TiO,
film. The electronic state of the CdTe QDs is regenerated by
electron donation from the electrolyte such as the iodide/triio-
dide couple. The movement of holes on the QDs surface must be
accompanied by the diffusion of charge-compensating anions in
the electrolyte layer close to the CdTe QDs surface. The photo-
generated holes in CdTe QDs could be scavenged by iodide ions
as shown in Scheme 2B.*® Fig. 3 displays the -V curves, recorded
at 100% sunlight (AM1.5, 100 mW/cm?), for QDSSCs that we
prepared from the (TiO,);-PDDA-(QDcgre),-FTO electrodes (n
= 1-4). Table 1 summarizes their values of V., I, fill factor
(FF), and n. The magnitudes of the values of I, and n of the
QDSSCs correlate with the absorbances in Fig. 2A. This
behavior is consistent with the knowledge that QDs having
greater absorption coefficients usually provide greater values of
I and 7.* The values of I, FF, and 75 of the (TiO,);-PDDA-
(QDcgte),-FTO QDSSCs increased upon increasing the value of
n from 1 to 3, but then they decreased upon increasing »n from
3 to 4. The values of I, FF, and n of the (TiO;);-PDDA-
(QDcg1e)3-FTO QDSSCs were 3.61 mA cm™2, 65.8, and 2.02%,
respectively. We note that the value of 7 of our (TiO,);-PDDA-
(QDcyre)3-FTO  QDSSC  (2.02%) is  greater  than
those of QDSSCs fabricated from CdS, CdSe, PbS, InAs, and
InP,1133738 primarily because of the superior value of V.
(850 mV).10-1316:37.38 The values of n of the (TiO,);-PDDA-
(QDcyre),-FTO QDSSC (n = 1-4) are greater than those of
QDSSCs fabricated in the presence of PDDA at room
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Scheme 2 (A) Principle of operation of the CdTe QDSSC. Potentials are
referred to the normal hydrogen electrode (NHE). (B) Transmission line
description of the electron motion through the conduction band of TiO,
particles.

temperature and in the absence of PDDA at 100 °C, respectively.
The amounts of CdTe QDs adsorbed on these substrates were
less (about 5- and 3-fold lower) than the QDSSCs fabricated at
100 °C in the presence of PDDA, mainly because only fewer
amounts of CdTe QDs were adsorbed, which were supported by
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Fig.3 [-V characteristics of the (a) (TiO,);-PDDA-(QDcgte)1-FTO, (b)
(Ti0,)3-PDDA-(QDcyre)>-FTO, (¢) (TiO,);-PDDA-(QDcqre)3-FTO,
(d)  (TiO»)-PDDA-(QDcyre)s-FTO, and (¢) (TiO,);-PDDA-
(QDcy1e)3-FTO QDSSCs. (a—d) Illumination with 100% sunlight
(AM1.5, 100 mW/cm?); (e) darkness.

Table 1 Performance characteristics of the CdTe QDSSCs

QDSSCs I.mAcm?) Ve (mV) FF©®) 1(%)

(TiO,);-PDDA- 1.03 780 62 0.50
(QDcare)1-FTO
electrode

(TiO,);-PDDA- 2.65 800 67 1.42
(QDcqre)-FTO
electrode

(TiO,);-PDDA- 3.61 850 66 2.02
(QDcaro)s-FTO
electrode

(Ti0O,);-PDDA- 2.92 920 65 1.83
(QDcaro)s-FTO
electrode

4Ti0,);-PDDA- 0.32 471 48 0.07

(QDcqre)1-FTO
electrode

4Ti0,);-PDDA- 0.51 570 56 0.16

(QDcqre)2-FTO
electrode

4Ti0,);-PDDA- 0.72 569 57 0.34

(QDcqre)s-FTO
electrode

“(Ti0,);-PDDA- 0.77 510 58 0.20

(QDcate)a-FTO
electrode

’(Ti01)3-(QDcyre)i-  0.78 641 43 0.21

FTO electrode

5(Ti05)3-(QDcare)o-  1.10 750 46 0.38

FTO electrode

(Ti05)-(QDcare)-  1.66 670 56 0.62

FTO electrode

P(Ti02);(QDcare)e-  1.35 679 60 0.55

FTO electrode

“ Conducting the coating procedure at room temperature. Other
conditions are the same as Scheme 1B. ® Conducting the coating
procedure at 100 °C in the absence of PDDA. Other conditions are the
same as Scheme 1B.
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Fig. 4 IPCEs of the (a) (TiO;);-PDDA-(QDcgte)3-FTO, (b)

(Ti0,);-PDDA-(QDcyre)a-FTO, and (c) (TiO,);-PDDA-FTO QDSSCs.

Table 2 Comparison of the CdTe QDSSC to other CdTe based

QDSSCs

Type I, (mA cm™?) Vo (mV) FF (%) 7 (%) Ref

CdSe/CdTe/TiO, NPs 0.0695 360 48 0.015 40

CdTe/TiO, nanotube 0.44 — — — 41

CdTe/ TiO, NPs 5-9 650 20 — 42

CdTe/TiO2 NPs 3.61 850 66 2.02 This
work

“ The value is not provided by the literature.

the ICP MS data. We suspect that the superior performance of
our (TiO,);-PDDA-(QDcgyre)3-FTO QDSSC arose because of
the existence of CdTe QDs of various sizes, leading to more
excited electrons being produced under illumination with visible
light. The decreasing value of 7 of the (TiO,);-PDDA-
(QDcgre),-FTO QDSSCs upon increasing the value of n from 3
to 4 is strongly related to the reduction in the values of the FF
and I, mainly because of decreases in the absorbance in the
longer wavelength region and possibly because of blocking of the
mesopores of the TiO, NPs.

To further understand the role of the CdTe QDs in deter-
mining the value of 7 of our QDSSCs, we conducted IPCE
measurements of the (TiO,);-PDDA-FTO, (TiO,);-PDDA-
(QDcyte)3-FTO, and (TiO,)3;-PDDA-(QDcgrte)s-FTO QDSSCs.
Fig. 4 shows that the (TiO;);-PDDA-(QDcqre)3-FTO QDSSC
provided a clear shoulder at 550 nm, with an IPCE of 26.0%,
while the (TiO;);-PDDA-(QDcqre)4-FTO QDSSC provided
a lower value of IPCE (22.7%) at the same wavelength. Both the
IPCE and absorption data indicate that the CdTe QDs in our
QDSSCs harvested light at wavelengths ranging from 400 to
700 nm.

Conclusions

We have demonstrated a new approach for the preparation of
QDSSCs having high energy conversion efficiencies. To the best
of our knowledge, this is the first example showing preparation
of a wide size distribution of CdTe QDs on the electrode surface
by conducting simple heating processes. Table 2 lists a compar-
ison of our new developed solar cell with other CdTe/ TiO, based
solar cells. When compared to other techniques, our approach

has the advantage of using environmentally friendly, room
temperature ionic liquids solvent for the preparation of the
electrolyte and CdTe prepared in aqueous solution. However,
conducting several heating cycles is required; fabrication time is
longer. Because variously sized CdTe QDs were adsorbed onto
the (TiO,);-PDDA-FTO electrodes, the electrode absorbed
light over a wider range in the UV-Vis region. As a result, the
(Ti0,)3-PDDA-(QDcgre)3-FTO QDSSC provided a higher
value of 7 (2.02%) under illumination with 100% sunlight.
Although we have used this approach to prepare QDSSCs
featuring only CdTe QDs, we suspect that it could be applied
further to the preparation of devices featuring other variously
sized QDs, such as CdSe and ZnS, or mixtures of QDs, such as
CdSe and CdTe QDs.
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