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ABSTRACT: Different-sized, 3-mercaptopropionic acid
(MPA) stabilized CdTe quantum dots (QDs) have been
prepared in aqueous solution, and potential cosensitization of
such QDs in ZnO nanorod (NR)-based dye-sensitized solar
cells (DSSCs) has been established. The results presented in
this study highlight two major pathways by which CdTe QDs
may contribute to the net photocurrent in a DSSC: (1) a
direct injection of charge carriers from QDs to ZnO
semiconductor via photoinduced electron transfer (PET)
and (2) an indirect excitation of the sensitizing dye (SD)
N719 molecules by funneling harvested light via Forster
resonance energy transfer (FRET). The steady-state and
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picosecond-resolved luminescence measurements were combined to clarify the process of PET and FRET from the excited QDs
to ZnO NR and SD N719, respectively. On the basis of these advantages, the short-circuit current density and the
photoconductivity of the QD-assembled DSSCs with distinct architectures are found to be much higher than DSSCs fabricated

with N719 sensitizer only.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) are based on solar light
harvesting through the sensitizing dye (SD) attached to a wide
band gap semiconductor first introduced by O’Regan and
Gritzel.' The SD is an essential constituent in nanocrystalline
DSSCs that has a potential for future photovoltaic applications
owing to the lower fabrication costs of solar cells with
acceptable conversion efficiencies."”” The most successful and
widely used dyes employed in DSSCs are ruthenium
complexes,” ™ (Ru(dcbpy),(NCS),), N; (dcbpy = 4,4-
dicarboxy-2,2"-ipyridine), and bistetrabutylammonium salt
N719, which have fairly broad optical absorption spectra (Al
~ 350 nm) but low molar extinction coefficients (5000—20 000
M™' cm™). Alternative organic dyes have recently been
developed with substantially higher molar extinction coef-
ficients (50 000—200 000 M~ cm™") but show narrow spectral
bandwidths (A4 & 250 nm).>™® Dye cocktails lead to a broader
absorption spectra,” but because of the absence of dyes that
absorb efficiently in the red part of the spectrum, generally a
lower efficiency is achieved. As dyes with strong absorptivity do
not typically exhibit broad absorption overlapping the solar
spectra, this is one of the major pitfalls of using dyes as
photosensitizers in solar cells.
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Many efforts have been made to introduce stronger light
absorber and to widen the spectral response of the photo-
sensitizers. In recent times, the use of QDs as light harvesters
has stimulated a lot of interest because of its higher extinction
coefficient compared to conventional dyes'® for efficient light
energy conversion." ~'* Because of the size quantization
property, the optical and electronic properties of the semi-
conductor QDs can be engineered to further tune the response
of quantum dot solar cells (QDSCs).">~"” In addition, QDs
open up new possibilities for the utilization of hot electrons'®
or multiple charge carrier generation with a single photon.'’
Multiple carrier generation in PbSe nanocrystals has shown that
two or more excitons can be generated with a single photon of
energy greater than the band gap.”® The performance of a
QDSC is currently limited by several factors, including a limited
choice of electrolytes with which QDs are chemically
compatible, insufficient passivation of recombination channels
(usually attributed to surface traps), and limited QD loading
capacities.”’ Recent studies have shown that it is possible to
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stabilize CdS QD-based DSSCs by coating the QD-sensitized
nanoporous electrodes with a thin amorphous TiO, layer which
enables the use of various QD sensitizers in the presence of
iodine-based electrolytes.”* Utilizing two sensitizing layers of
SD N719 and CdS QDs separated by an amorphous titanium
dioxide (TiO,) layer, a significant increase in cell efficiency
compared to a QD monolayer cell has been reported.”® In a
more recent study, Etgar et al. have used a cobalt complex
(Co*"/Co®) as an electrolyte in the cells which permits direct
contact between the QDs and the electrolyte.”* Choi et al. have
recently demonstrated the coupling of semiconductor nano-
crystal and a red-NIR organic dye with complementary spectral
absorption in the visible region.**

Utilization of two sensitizers (one acting as energy donor
while the other as an acceptor) can be very useful in order to
achieve both broadening of optical absorption region in DSSCs
as well as increasing the absolute loading of absorbing media on
the semiconductor. This novel approach is based on Forster
resonance energy transfer (FRET) which has recently
experienced a signiﬁcant interest of several groups>**¢~*
including ours.”** The use of FRET between covalently linked
energy donor molecules to the SD which are attached to the
semiconductor (titania) surface has been demonstrated in the
literature®® where higher excitation transfer efficiency (>89%)
between attached dye molecules and a subsequent improve-
ment in the device external quantum efficiency of 5—10%
between 400 and 500 nm spectral range has been reported. The
overall enhancement of power conversion efficiency of the
DSSC was still low (<9%), which was argued to arise because of
an increase in the open-circuit voltage rather than because of an
increase in the short-circuit photocurrent density. Recently, it
has been demonstrated that unattached, highly luminescent
chromophores inside a liquid electrolyte can absorb high-
energy photons and can efficiently transfer the energy to the
anchored near-infrared SD leading to an increase in optical
absorption efficiency.®* In another work, enhancement in
photovoltaic device performance has been reported using long-
range resonant energy transfer from a dissolved luminescent
dopant confined in the interwire spaces of a nanowire array
electrode to an acceptor species confined to the surface of the
nanowires.*®

In this contribution, we demonstrate that size tunable CdTe
QDs capped with 3-mercaptopropionic acid (MPA), assembled
in an N719-sensitized solar cell, can absorb visible light in the
gaps where SD N719 has lower absorption or does not absorb
any light. In this design, QDs serve as a cosensitizer which can
directly transfer electrons to ZnO nanorods (NRs). Moreover,
the QDs which are not in a direct attachment to the ZnO NR
surfaces harvest the absorbed energy to nearby dye molecules
via FRET rather than contribute directly as sensitizers. By using
steady-state and picosecond-resolved fluorescence spectrosco-
py, we have demonstrated that photoluminescence (PL) from
QDs can be useful to excite the SD molecule for an enhanced
light absorption. The consequence of QD mediated electron
and light-harvesting processes on the overall performance of a
model QD-assembled DSSC has also been demonstrated.

2. EXPERIMENTAL SECTION

2.1. Materials. Analytical grade zinc acetate dihydrate,
(CH;C00),Zn,2H,0 (Merck), zinc nitrate hexahydrate,
Zn(NO;),-6H,0 (Merck), and hexamethylenetetramine,
C4H;,)N, (Aldrich), were used for the fabrication of ZnO
NRs. Chloroplatinic acid (H,PtClg-H,0), lithium iodide (Lil),

and 4-tertbutylpyridine (TBP) were obtained from Fluka, and
iodine (I,) was obtained from Fisher Scientific. Fluorine-doped
tin oxide (SnO,: F) coated conducting glass substrates (FTO,
12Q/square) from Nippon Sheet Glass, Japan, were purchased
from Kintec, Hong Kong. Dye N719 was obtained from
Solaronix, Switzerland. The precursors employed in this
investigation to prepare CdTe QDs were sodium tellurite,
Na,TeO;, and 3-mercaptopropionic acid, HSCH,CH,CO,H,
from Aldrich chemicals, cadmium chloride, CdCl,-2.5H,0,
sodium borohydride, NaBH,, and trisodium citrate dehydrate,
C¢H:Na;0,-2H,0 from Merck. All chemicals were of analytical
grade and were used without further purification.

2.2. Preparation of 3-MPA-Capped CdTe QDs. Several
synthetic routes to CdTe QDs have been reported.***" In this
study, 0.12 mol of CdCl, was dissolved in 8 mL of deionized
(DI) water, was diluted to 84 mL, and was stirred. To this
solution 0.024 mol of trisodium citrate dihydrate, 0.03 mol of
Na,TeO; in 8 mL of DI water, 0.011 mol of 3-MPA, and 0.086
mol of NaBH, were added successively and were stirred to
make the stock solution for CdTe QD synthesis. This stock
solution was refluxed for 7, 20, and 30 min in a commercial
Panasonic microwave oven (low-power mode) to synthesize
440, 500, and 550 nm absorption peak QDs, respectively. The
QDs with 610 nm absorption peak were synthesized by
refluxing the stock solution in a commercial oven at 106 °C for
9 h. The as-prepared QDs, without any further purification,
were used in the fabrication of ZnO NR-based DSSCs.

2.3. Preparation of ZnO NRs. The most widely used
fabrication method to obtain vertically aligned ZnO nanostruc-
tures is the hydrothermal method.*'™*° First, FTO substrates
were cleaned ultrasonically with soap water, acetone, ethanol,
and DI water. We dissolved 15 mM of zinc acetate dihydrate in
10 mL of DI water and sprayed this solution at a rate of 1 mL/
min (from a distance of 25 cm) on top of the clean FTO
substrates. The substrates were preheated to 420 °C on a hot
plate before spraying. After spraying 10 mL completely, the
substrates were allowed to cool to room temperature followed
by annealing in air at 300 °C for 5 h.* The ZnO NPs seeded
FTO substrates were then placed in a sealed chemical bath
containing equimolar concentration of zinc nitrate hexahydrate
and hexamethylenetetramine (20 mM) at 95 °C for 20 h. This
leads to the growth of ZnO NRs of length ca. 3—4 um,
diameter 100—200 nm, and estimated surface coverage area of
~62% as shown in Figure la. The ZnO NR coated substrates
were then retracted from the chemical bath, were rinsed several
times with DI water, and were annealed at 350 °C for 60 min to
remove any organic impurities prior to further use.

2.4. Fabrication of QD-decorated Dye-Sensitized
Solar Cells. CdTe QD decorated photoelectrodes (PEs)
were fabricated by dipping the ZnO NR coated FTO into
CdTe colloid at 60 °C for 3 h. The PEs were removed, were
washed with ethanol, and were annealed at 165 °C for 1 h. This
cycle was repeated three times to obtain a uniform layer of
CdTe particles on the ZnO surface. For cosensitizing the PEs
with N719 dye, the as-prepared CdTe QD coated PEs were
dipped into a 0.5 mM dye N719 in ethanol solution for 24 h in
dark at room temperature. After 24 h, the substrates were
withdrawn from the dye solution and were rinsed with ethanol
several times in order to remove the excess dye on the film
surface. We define this geometry of the sample as ZnO-QD-
N719. In another architecture, we have dipped the ZnO NR
with N719 first, and then PEs were coated with CdTe QDs
(ZnO-N719-QD architecture). The same procedures were
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Figure 1. (a) Top-view SEM image of vertically aligned ZnO nanorods
decorated on an FTO plate; the inset shows a closer view of hexagonal
shaped ZnO NR on which CdTe QDs are attached. TEM images of
(b) QD1 and (c) QD2 (two representative QDs) are shown; the
insets show their corresponding HRTEM image.

followed to prepare the substrates for the time-resolved
measurements also only by replacing FTO plates with quartz.
PEs sensitized with N719 only (control) were fabricated by
dipping ZnO PEs directly into 0.5 mM dye solution for 24 h
following a similar procedure as described above. The PEs were
then dried in dark at room temperature in a controlled
humidity chamber (40% humidity) for 2 h. A thin layer of Pt
catalyst deposited on the FTO substrates was used as a counter
electrode to assemble the DSSC. The counter electrodes were
prepared by dropping 10 uL of 5 mM chloroplatinic acid
(H,PtCl¢H,0) solution in isopropanol on FTO substrates
followed by the thermal decomposition of the H,PtCl,-H,O to
Pt NPs at 385 °C for 30 min. A single layer of Surlyn 1702 (50
um thickness) from Dupont was placed between the two
electrodes, and the device was sealed. The liquid electrolyte
composed of the 0.5 M Lil, 0.05 M I, and 0.5 M 4-tert-
butylpyridine (TBP) in acetonitrile (ACN) was then filled in
the cell using capillary force through small holes drilled on the
counter electrode. Finally, the holes in the counter electrode
were sealed to prevent the electrolyte from leaking. In this
respect, QDs are relatively less stable in iodine-based
electrolyte,"” and in the technological applications of this
kind of QD-decorated solar cells, selection of other iodine-free
electrolytes would be more appreciated. The charateristics of
the solar cells reported here were recorded immediately after

filling in the electrolytes in the sandwich structure in order to
minimize losses due to corrosion of the CdTe QDs."”

2.5. Structural, Optical, and Electrical Character-
ization. Transmission electron microscopy (TEM) was carried
out by applying a drop of the CdTe samples to carbon-coated
copper grids. Particle sizes were determined from micrographs
recorded at a magnification of 100 000X using an FEI (Technai
TF 20, operating at 200 kV) instrument. A scanning electron
microscope (SEM, JEOL JSM-6301F, operating at 20 kV) was
used to study the morphology of the as-grown ZnO NRs.
Steady-state absorption and emission spectra were measured
with a Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Fluoromax-3 fluorimeter (pump power at 350 nm is ~0.663
mW/cm?), respectively. All the photoluminescence transients
were measured using picosecond-resolved time-correlated
single-photon counting (TCSPC) technique, a commercially
available picosecond diode laser-pumped (LifeSpec-ps) time-
resolved fluorescence spectrophotometer from Edinburgh
Instruments, United Kingdom. Picosecond excitation pulses
from the picoquant diode laser were used at 375 nm with an
instrument response function (IRF) of 60 ps. A microchannel
plate photomultiplier tube (MCP-PMT, Hammamatsu) was
used to detect the photoluminescence from the sample after
dispersion through a monochromator. For all transients, the
polarizer on the emission side was adjusted to 55° (magic
angle) with respect to the polarization axis of the excitation
beam. Photocurrent—voltage (J—V) characteristic measure-
ments of the DSSC were performed under AM1.5G sun
irradiation (100 mW/cm?) using a 150 W small beam simulator
(Sciencetech, model SF150).

2.6. Data Analysis. Curve fitting of observed fluorescence
transients was carried out using a nonlinear least-squares fitting
procedure to a function (X(t) = [LE(#)R(t — #)dt') comprised
of convolution of the IRF (E(t)) with a sum of exponentials
RO =A+2 N \Be™™) with pre-exponential factors (B;),
characteristic lifetimes (7;), and a background (A). Relative
concentration in a multiexponential decay is expressed as

Bn
¢, = —— X 100

n N
Z,‘=1Bi

The average lifetime (amplitude-weighted) of a multiexponen-
tial decay™ is expressed as

N
Tov = z T
i=1

After the deconvolution, obtained time constants which are
one-fourth of the IRF may be reliably reported within the
signal-to-noise ratio of the fluorescence transients. We have
estimated the standard errors in the lifetime data, FRET, and
device parameters from repeated measurements. For the
estimation of errors in the radii of different QDs, the standard
deviation was calculated from the particle size distributions.

3. RESULTS AND DISCUSSION

Morphological characterization by SEM (Figure la) indicates
the formation of arrays of ZnO NRs with a preferential growth
direction along the polar facets in the [0002] direction of the
ZnO hexagonal wurtzite crystal. The NRs growing perpendic-
ular to the substrate are nearly uniform in length (~3 pm) and
possess a characteristic hexagonal cross section with diameter of
~180 nm. The inset shows the magnified top view of a typical
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single NR decorated with CdTe QDs. Figure 1b and ¢ shows
the TEM images of two distinctly different sizes of CdTe QDs
(QD1 and QD2) which are ~4 + 0.2 and ~5 + 0.4 nm in
diameter. As shown in the insets of Figure 1b and c, high-
resolution TEM (HRTEM) image reveals the fringes of CdTe
with a lattice spacing of 0.33 and 0.25 nm corresponding to
(111) and (220) planes of cubic CdTe crystal, which are in
good agreement with previous reports.*’

Both the absorption and photoluminescence (PL) spectra of
CdTe QDs exhibit quantum size effect as shown in Figure 2.

Norm. Absorbance
Norm. Fl. Intensity

QD1 QD2 QD3 QD4

e W™

400 450 500 550 600 650 700
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Figure 2. (a) Normalized absorption spectra of the sensitizing dye
N719 and 3-MPA-capped CdTe QDs with average diameters of 4 nm
(QD1), 5 nm (QD2), 7 nm (QD3), and 9 nm (QD4). (b) Significant
overlap between absorption spectra of N719 and photoluminescence
(PL) spectra of four different-sized CdTe QDs is shown.

The tunable absorption bands of CdTe QDs can be adjusted so
that they preferentially cover the gaps of SD N719 absorption,
that is, where SD has no or very low extinction coeflicient
(Figure 2a). As can be observed in Figure 2b, there are
significant overlaps between the optical absorption of SD N719
and the emission bands of CdTe QDs, which is one of the
foremost criteria for Forster resonance energy transfer (FRET)
dynamics. As shown in Figure 3, upon 375 nm laser excitation,
strong emissions of CdTe QDs (deposited on a quartz plate)
were suppressed in the presence of SD N719. Herein, we
propose FRET from donor CdTe QDs to N719 acceptor,*
which is responsible for the observed suppression of the
emission bands. The mechanism of FRET involves a donor in
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Figure 3. Steady-state emission quenching of different-sized CdTe
QD:s (3, QD1; b, QD2; ¢, QD3; d, QD4) in the presence of sensitizing
dye N719 and ZnO nanorods. Excitation was at 375 nm.

an excited electronic state, which may transfer its excitation
energy to a nearby acceptor in a nonradiative fashion through
long-range dipole—dipole interaction.*® The theory is based on
the concept of treating an excited donor as an oscillating dipole
that can undergo energy exchange with a second dipole having
similar resonance frequency. In principle, if the fluorescence
emission spectrum of the donor molecule overlaps the
absorption spectrum of an acceptor molecule, and if the two
are within a minimal distance from one another (1—10 nm),
the donor can directly transfer its excitation energy to the
acceptor via exchange of a virtual photon. The donor thus
decays to the ground state while the acceptor is still excited.
This results in the excitation of the acceptor from an indirect
process, that is, the acceptor effectively captures photons that
are not directly absorbed by it. The faster excited state lifetime
of the CdTe-N719 composite with respect to that of the free
QDs is clearly noticeable in Figure 4. Details of the
spectroscopic parameters and the fitting parameters of the
fluorescence decays are tabulated in Table 1.
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Figure 4. The picosecond-resolved fluorescence transients of four
different-sized CdTe QDs (a, QD1; b, QD2; ¢, QD3; d, QD4) in the
absence and presence of sensitizing dye N719 (pink) and ZnO
nanorods (gray). The excitation wavelength was at 375 nm.

To estimate FRET efficiency of the donor (QDs) and hence
to determine distances of donor—acceptor pairs, we followed
the methodology described in chapter 13 of ref 48. The Forster
distance (R,) is given by

Ry = 0211 X [x’n*QJ(A)]"/¢(in A) 1)

where & is a factor describing the relative orientation in space
of the transition dipoles of the donor and acceptor. For donor
and acceptors that randomize by rotational diffusion prior to
the energy-transfer process, the magnitude of k* is assumed to
be 2/5.*%>" The refractive index (n) of the medium is 1.4. The
quantum yields (Qp) of the donors in the absence of acceptor
are measured with respect to a reference dye Rhodamine 123
(Qp = 0.9) and are presented in Table 2. J(4), the overlap
integral, which expresses the degree of spectral overlap between
the donor emission and the acceptor absorption is given by

/0 " Fp()e,(A)A*dA
/0 * Fp()dA 2)

where Fp(A) is the fluorescence intensity of the donor in the
wavelength range of A to A + d and is dimensionless. £4(4) is
the extinction coefficient (in M™' em™) of the acceptor at A. If
J is in nanometers, then J(4) is in units of M~' cm™ nm*. Once

J() =
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Table 1. Dynamics of Picosecond-Resolved Luminescence Transients of CdTe QDs (QD1—QD4) in the Presence and Absence
of SD N719 and ZnO NRs”

sample observed wavelength 7, (ns) 7, (ns) 7; (ns) Tayg (1S) ky X 107 (s71)

QD1 (abs 445 nm) 520 nm 0.93 + 0.03 (30%) 6.80 + 0.15 (38%) 35.80 + 0.45 (32%) 14.30 + 0.21

QD1 + N719 520 nm 0.90 + 0.03 (40%) 4.80 + 0.12 (38%) 23.40 + 0.38 (22%) 730 + 0.14  kpger = 6.70 £ 0.16
QD1 + ZnO 520 nm 0.21 + 0.02 (61%) 420 + 0.05 (25%) 21.30 + 0.23 (14%) 420 + 0.05 kpgr = 17.00 + 0.40
QD2 (abs 500 nm) 560 nm 1.10 + 0.15 (15%) 9.90 + 0.78 (33%) 40.20 + 0.95 (52%) 24.30 = 0.77

QD2 + N719 560 nm 1.20 + 0.08 (25%) 7.50 + 0.20 (43%) 34.90 + 0.50 (32%) 14.70 + 0.27 kerer = 2.60 + 0.10
QD2 + ZnO 560 nm 0.21 + 0.02 (52%) 4.70 + 0.07 (25%) 26.20 + 0.16 (23%) 7.30 + 0.06 kpgr =10.00 + 0.40
QD3 (abs 550 nm) 610 nm 0.84 + 0.05 (3%) 16.20 + 0.88 (45%) 43.60 + 0.9 (52%) 29.90 + 0.87

QD3 + N719 610 nm 0.80 + 0.08 (7%) 8.80 + 0.27 (32%) 28.30 + 0.68 (61%) 20.10 + 0.51 keper = 1.60 + 0.03
QD3 + ZnO 610 nm 0.22 + 0.07 (61%) 430 + 0.12 (13%) 2740 + 0.14 (26%) 7.80 + 0.02 kpgr = 9.50 + 0.06
QD4 (abs 610 nm) 660 nm 2.35 + 0.17 (27%) 8.10 + 0.94 (36%) 31.80 + 1.40 (37%) 15.30 + 0.90

QD4 + N719 660 nm 2.18 + 0.06 (36%) 7.10 + 0.30 (36%) 27.30 + 1.00 (28%) 10.90 + 0.41 kerer = 2.60 + 0.07
QD4 + ZnO 660 nm 0.27 + 0.02 (49%) 4.30 + 0.50 (31%) 21.70 + 0.13 (20%) 5.80 + 0.19 kpgr = 10.70 + 0.20

“The emission from CdTe QDs (emission at 520, 560, 610, and 660 nm) was detected with 375 nm laser excitation. k,, represents nonradiative

(FRET/PET) rate constant. The numbers in the parentheses indicate relative weightages.

Table 2. Various FRET Parameters” Obtained for Different-Sized CdTe QDs and SD N719

FRET pairs J(A) x 10" (M~ cm™! nm*) Qo Ry (nm) Err (%) pa (nm) from FRET r (nm) from TEM
QD1 + N719 92 +02 0.18 + 0.01 3.69 + 0.05 0.490 + 0.003 3.72 + 0.03 2.00 + 0.11
QD2 + N719 75+£03 0.29 + 0.02 3.86 + 0.07 0.400 + 0.008 4.14 + 0.06 2.50 + 0.20
QD3 + N719 51+£02 0.4S5 + 0.03 3.90 + 0.07 0.330 + 0.002 4.38 £ 0.08 3.50 + 0.14
QD4 + N719 3.6 +£0.1 0.40 + 0.02 3.61 + 0.04 0.290 + 0.012 422 + 0.04 4.50 + 0.25

“Overlap integral (J(1)), quantum yield (Qp) in the absence of acceptor, Frster distance (R,), FRET efficiency calculated from time-resolved study
(Err), and donor—acceptor distance (rp,) between the FRET pairs and radii (r) of QDs measured from TEM images.

the value of R, is known, the donor—acceptor distance (r) can
be easily calculated using the formula

o _ [RS(1- B)]
B E (3)

Here, E is the efficiency of energy transfer. The transfer
efficiency is measured using the relative fluorescence lifetime of
the donor in the absence () and presence (7p,) of the
acceptor.

E=1_TD_A
O)) 4)

From the average lifetime calculation for the CdTe—N719
adduct, we obtain the effective distance (using eqs 3 and 4)
between the donor and the acceptor, rp,, to be 3.72 + 0.03,
4.14 + 0.06, 4.38 + 0.08, and 4.22 + 0.04 nm for QD1-QD4,
respectively. The insignificant variations in donor—acceptor
distances compared to the radii of the QDs (measured from
TEM image) can be rationalized from the fact that the origin of
the PL arises essentially from surface states in the CdTe QDs."”
Both degree of overlap and distance between donor and
acceptor have been accounted simultaneously for FRET
efficiency estimation. The energy-transfer efliciency from QD
to N719 is observed to decrease with a subsequent decrease in
overlap integral which is consistent with previous studies.”>>
The calculated FRET parameters are also presented in Table 2.

Although FRET is an interesting phenomenon which
requires neither physical contact nor charge exchange, direct
attachment of the CdTe QDs with the ZnO NRs leads to
photoinduced electron transfer (PET) from QDs to the
conduction band of ZnO. Similar PET studies have been
reported in the literature which is a fundamental process of
QDSC that ultimately gilots a direct sensitization of the solar
cell performance.'”**> The rate of charge recombination,

energy transfer, and charge injection processes (reactions i, ii,
and iii, respectively) dictates the emission decay of CdTe QDs.

CdTe + hv — CdTe(e + h) — CdTe + h/'

(recombination) (i)

dye + h/ — dye*  (energy harvesting) (i)

CdTe(e + h) + ZnO — CdTe(h) + ZnO(e)
(electron harvesting) (iii)

Figure 4 shows the emission decay of CdTe QDs anchored to
ZnO NR films on a quartz plate recorded with 375 nm diode
laser excitation. As observed in the previous studies, both
heterogeneity of samples and varying degree of surface defects
introduce multiexponential decay behavior to the charge
recombination process.m’17 A significant decrease in QD
lifetime, however, was observed in the presence of ZnO NRs.
In particular, the fast component, which contributes nearly 61%
of the decay, shows a major decrease in lifetime from 0.93 +
0.03 to 0.21 + 0.02 ns in the smallest QD—ZnO composite.
The apparent rate constants, k,, were determined for the
nonradiative processes by comparing the lifetimes of CdTe in
the absence (7,) and in the presence (7) of N719 and ZnO
NRs using eq S.

k,, = 1/(z) — 1/{zy) ()

For the smallest QD (i.e., QD1), the apparent rate constant for
charge injection into ZnO NRs was estimated to be 1.7 X 10°
s™!, whereas the rate of energy transfer from QD1 to SD N719
is 6.7 X 107 s™L. Therefore, it is evident that the charge injection
from the excited CdTe to the ZnO NRs occurs with a rate
constant that is an order of magnitude higher than that of
energy transfer between CdTe and N719. The above
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estimation of average lifetimes takes into account both short-
and long-lived components. A major population of the charge
injection process occurs with a greater rate constant (as high as
10° s7") if we compare only the fast component of the emission
transients. For example, ~61% of the emission decay of CdTe
QDs on ZnO surface occurs with a lifetime of 0.21 + 0.02 ns
indicating that the major fraction of the charge injection event
occurs on an ultrafast time scale.

To investigate the mechanism of cosensitization of CdTe
QDs in the layered architectures (Figure Sa, b) related to DSSC

Time (ns)

Figure S. Two different architectures of CdTe QD decorated dye-
sensitized ZnO nanorod substrates, namely, (a) ZnO—QD—N719 and
(b) ZnO-N719—QD. (c) The picosecond-resolved fluorescence
transients of CdTe QD2 showing PET and FRET in two different
architectures. The excitation wavelength was 375 nm and the emission
was monitored at 560 nm.

fabrication, picosecond-resolved fluorescence study was per-
formed (Figure Sc). The fluorescence transient of the bare QDs
not in the vicinity of N719 or ZnO is shown in the figure as a
reference. In the ZnO—QD—N719 architecture (Figure Sa),
QDs are sandwiched between ZnO NRs and N719. In these
conditions, QDs can either directly transfer electrons to the
conduction band (CB) of ZnO NRs or can nonradiatively
transfer energy to SD N719. The fluorescence decay
parameters, as shown in Table 3, are comparable to the
distinct lifetimes of an electron-transfer process (Table 1).
Therefore, the picosecond-resolved fluorescence transient of
CdTe QDs in the ZnO—QD—N719 architecture reveals a
direct injection of charge carriers from QDs to ZnO NRs via
PET. The role of the capping ligands of the colloidal QDs has
been demonstrated to have paramount importance on the
efficient charge separation at the QD/polymer interface.*® In

this respect, the electron-transfer pathway is found to prevail
over the FRET process with short-chain 3-MPA ligands
associated to CdTe QDs. In the other architecture, ZnO—
N719—-QD (Figure Sb), the QDs are separated by a layer of
N719 molecules from the ZnO NRs whereby light harvesting
could only occur through FRET from QDs to N719. It is being
conventional that the N719 dye binds the ZnO by using its
carboxylic groups;”” as a result, the residual chains of N719 are
free and are away from the ZnO, which allows them to interlace
with the 3-MPA ligands of the QDs via efficient hydrophilic
interactions. This sort of an association results in an average
distance between the donor and the acceptor, which lies within
the Forster radius and allows an efficient energy transfer. The
assorted lifetimes (Table 3) of the QDs in this particular
configuration are comparable to the decay parameters of the
energy-transfer route (as shown in Table 1) which reveals that
an additional indirect excitation of N719 can be introduced by
using the sensitivity of FRET, and this type of engineered solar
cells should contribute to higher photocurrents. The non-
radiative rate constants (k,) in these two architectures, as
presented in Table 3, are almost analogous to the k,, values of
the individual systems that lead to either energy- or electron-
transfer pathways (Table 1).

The effectiveness of QD decoration in solar cell performance
was evaluated by employing them in a photoelectrochemical
cell with two different architectures (Figure Sa, b) as discussed
previously. The use of CdTe QDs as a sensitizer in
photoelectrochemical cells has been investigated by several
research groups.'”*”**%® DSSC devices fabricated with N719
dye as sensitizer in the presence and the absence of CdTe QDs
(QD1 and QD2) were characterized by wavelength-dependent
photocurrent spectroscopy (Figure 6a, b) and photocurrent—
voltage (J—V) measurements (Figure 6c); the resulting
photovoltaic parameters are summarized in Table 4. The
wavelength-dependent photocurrent is the number of electrons
collected under known photon intensity that was evaluated
from the short-circuit photocurrent (J,.) measured for different
incident wavelengths (). The inset of Figure 6a shows the
wavelength-dependent incident power of the monochromator.
The photocurrent versus wavelength plot of the ZnO—QD—
N719 architecture is presented in Figure 6a which shows a
spectral response in the range of 350—750 nm. In devices
without any modification of the dye sensitizer with QDs, the
broad photocurrent spectrum is attributed to the photo-
generated charge carrier in SD N719.2% As shown in the figure,
the presence of QD1 (abs. = 440 nm) and QD2 (abs. = 500
nm) in the sensitization process leads to a dramatic increase in
the photocurrent in the spectral region of blue photons
indicating the occurrence of a direct injection of electrons from
QDs to ZnO NRs similar to the observations made by the
picosecond-resolved fluorescence studies (Figure Sc). In this
case, dye (N719) loading was lower in ZnO—QD-N719

Table 3. Dynamics of Picosecond-Resolved Luminescence Transients of CdTe QDs (QD1—QD4) in the Presence and Absence

of SD N719 and ZnO NRs”

sample observed wavelength 7, (ns)
QD2 (abs 500 nm) 560 nm 1.10 + 0.15 (15%)
ZnO-N719-QD2 560 nm 120 + 0.18 (33%)
ZnO—QD2-N719 560 nm 0.72 + 0.09 (59%)

7, (ns) 7, (ns) Tog (05) ko X 107 (s71)
990 + 078 (33%) 4020 + 095 (52%) 2430 % 0.77
700 + 0.65 (45%) 3200 + 0.86 (22%)  10.60 + 0.54 5.30 + 031
450 + 045 (33%)  22.80 + 0.82 (8%) 7.30 + 027 9.60 + 0.38

“The emission from CdTe QD (emission at S60 nm) was detected with 375 nm laser excitation. Numbers in the parentheses indicate relative

weightages.
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Figure 6. Photocurrent vs wavelength spectra for DSSCs comprised of
(a) ZnO—-QD-N719 and (b) ZnO-N719—QD architectures,
respectively. The inset shows incident power vs wavelength plot. (c)
Photocurrent—voltage (J—V) characteristics for ZnO—N719—QD
architecture.

Table 4. Device Performance” of the Dye-Sensitized Solar
Cells Made of Two Different Architectures of QD Loading

device with Jsc (uA/
N719 Voc (V) cm?) FF (%) n (%)
ZnO— 0.63 +£0.04 720 +36 3527 +270  0.16 + 0.01
N719—
QD1
ZnO— 071 +£ 003 720 £29 3099 + 1.31  0.16 + 0.01
N719—
QD2
ZnO-N719 0.9 + 0.05 620 £33 2992 + 0.50  0.13 + 0.01

“Short-circuit photocurrent densities (J,./cm?), open-circuit voltage
(V,o), fill factor (FF), and efficiency (7).

architecture compared to that of ZnO—N719 assembly because
of prior attachment of QD to the ZnO NRs. Therefore, at 530
nm (maximum optical absorption in N719), the photocurrent
was found to be lower in ZnO—QD—N719 compared to ZnO—
N719 system. Hence, a fair comparison of wavelength-
dependent photocurrent and overall device performance of
these architectures is not likely when the amounts of dye
present in different architectures are not similar. For a better
assessment, we engineered devices with similar dye loading in
ZnO—N719—QD and ZnO—-N719 solar cells. The ZnO—
N719—QD architecture shows increased photocurrent (Figure
6b) compared to ZnO—N719 system throughout the spectral
region as additional photogenerated charge carriers from N719
dye (via FRET) adds up to the net photocurrent. Figure 6c

shows the J—V characteristics of solar cells with ZnO—N719—
QD architecture as compared to solar cells sensitized with dye
only. The fill factor (FF) and power conversion efficiency (1)
of the solar cells can be determined from eqs 6 and 7

FF = Vidy/Vodkc (6)

n = Vodsc/FE (7)

where ], and V_ are the short-circuit current density and the
open-circuit voltage; V) and ]y are the voltage and current
density at the maximum power output, respectively. As shown
in Table 4, the calculated values of FF and the overall power
conversion efficiency of ZnO—N719 based DSSCs are found to
improve in the presence of QD assembly. Overall, the analysis
of photodevice data in the measured ZnO—N719—QD
configuration reflects similarly the cosensitization of CdTe
QDs tagged with the sensitivity of FRET as observed by the
picosecond-resolved fluorescence study (Figure Sc).

The photoconductivity measurement® of the ZnO NR,
ZnO—N719, and ZnO—N719—QD thin films were carried out
in order to better understand the contribution of QDs via
FRET to the net photocurrent in the devices. At a fixed bias
voltage of 2.5 V, the photocurrent across the thickness of the
thin films was measured by utilizing FTO as one of the
electrodes and a small (4 mm diameter) drop of mercury (Hg)
on top of the film as a counter electrode (as shown in Figure
7a). The light source (intensity = 25 mW cm™*) was turned on

25V

(@) Wwhite light i

ZnO nanorods with
sensitizer on FTO substrate

(b) 500

Zno <90 -

ZnON719 2
—~ 400 1 Zno-N719-QD £ %0 ]
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£304 ON OFF 0 400 800
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3 200 4

100 1
0 200 400 600 800
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Figure 7. (a) Schematic representation of photoconductivity measure-
ment setup by using FTO as one of the electrodes and a small (4 mm
diameter) drop of mercury (Hg) on top of the film as a counter
electrode. (b) Photocurrent responses of ZnO NRs (inset), ZnO—
N719, and ZnO—N719—QD?2 arrays under bias voltage of 2.5 V. The
photocurrent was measured across the thickness of the films with 25
mW cm? incident power from a halogen light source.

and off every 120 s, and the obtained current values were
continuously recorded using a programmable multimeter
(Gwinstek GDM-396). Figure 7b shows the photocurrent
response for the ZnO NR (inset), ZnO—N719, and ZnO—
N719—QD2 thin films. An improved photocurrent was
observed for the ZnO—N719—QD2 thin film (~260 wuA)
under illuminated conditions compared to the ZnO—N719 thin
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Scheme 1. Dual-Sensitization in QD-decorated DSSCs”

Electron Transfer 0

Energy Transfer
fRET

o
.
.
.

“The system consists of a fluorinated tin oxide (FTO) on which semiconductor ZnO NR (gray cylinder) is fabricated. The sensitizer dye N719
(small red circle) and 3-MPA-capped CdTe QDs (big green circle) are bound to ZnO NR by surface adsorption. The directly attached QDs lead to
sensitization via efficient charge injection from excited semiconductor nanocrystal, CdTe into ZnO NR. Moreover, the QDs which are within the
close proximity of sensitizing dye N719 introduce an additional indirect excitation of N719 by using the sensitivity of FRET. The upshot of the above
dual-sensitization mode is found to be reflected in the overall solar cell performance.

film (~190 pA). This shows that an additional indirect
excitation of N719 can be obtained by decorating the dye
molecules with CdTe QDs. For the model DSSCs prepared
with the same arrangement of ZnO—N719—QD, we observed a
similar enhancement of photocurrent (Figure 6¢c) in the
presence of CdTe QDs which further confirms the contribution
of FRET toward the improvement of efficient energy harvesting
in dual-sensitized solar cells.

4. CONCLUSIONS

In conclusion, by using spectroscopic techniques, we have
demonstrated the utilization of dual-sensitization in DSSCs as
schematically represented in Scheme 1. The steady-state and
the time-resolved luminescence measurements on 3-MPA-
capped CdTe QDs reveal the size-dependent charge injection
characteristics of ZnO photoelectrodes. The QDs which are not
in a direct contact with the semiconductor can harvest visible
light which resonantly transfer to SD N719 and offer an
indirect excitation of the SD. To investigate the improvement
of light-harvesting because of QD decoration in a DSSC,
wavelength-dependent photocurrent, photocurrent—voltage
(J—V) characteristics, and photoconductivity measurements
were performed for both the QD-assembled and reference
(only sensitizing dye) devices. The cosensitization in the
presence of CdTe QDs leads to a significant increment in
photocurrent throughout the visible spectral region and also
enhances the short-circuit current density as additional
photogenerated charge carriers from N719 dye (via FRET)
adds up to the net photocurrent. As we continue to modify,
study, and improve such FRET pair sensitizers, the realization
of truly inexpensive, stable, and efficient DSSCs grows nearer.
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