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ABSTRACT: Photon management in solar cells is an
important criterion as it enables the capture of incident visible
and infrared photons in an efficient way. Highly luminescent
CdSeS quantum dots (QDs) with a diameter of 4.5 nm were
prepared with a gradient structure that allows tuning of
absorption and emission bands over the entire visible region
without varying the particle size. These crystalline ternary
cadmium chalcogenides were deposited within a mesoscopic

Increasing Se:S

TiO, film by electrophoretic deposition with a sequentially-layered architecture. This approach enabled us to design tandem
layers of CdSeS QDs of varying band gap within the photoactive anode of a QD solar cell (QDSC). An increase in power
conversion efficiency of 1.97—2.81% with decreasing band gap was observed for single-layer CdSeS, thus indicating varying
degrees of photon harvesting. In two- and three-layered tandem QDSCs, we observed maximum power conversion efficiencies of
3.2 and 3.0%, respectively. These efficiencies are greater than the values obtained for the three individually layered photoanodes.
The synergy of using tandem layers of the ternary semiconductor CdSeS in QDSCs was systematically evaluated using transient

spectroscopy and photoelectrochemistry.

B INTRODUCTION

Low-band-gap metal chalcogenides such as CdS, CdSe, PbS,
PbSe, and Sb,S; are widely used as sensitizers in quantum dot
solar cells (QDSCs)." " The simplicity of benchtop synthetic
approaches makes QDSCs an excellent candidate for
developing a transformative photovoltaic technology.'' In
both solid-state and liquid-junction QDSCs, a mesoporous
oxide layer facilitates the charge separation by accepting
electrons from the excited semiconductor. In a liquid-junction
QDSC, the mesoporous nature of the TiO, working electrode
not only increases the surface area for the deposition of
semiconductor quantum dots (QDs) but also provides the
necessary porosity for redox species to penetrate and scavenge
the photogenerated holes."”

Successive ionic layer adsorption and reaction (SILAR)"*~'*
and chemical bath deposition (CBD)'*~** are commonly used
methods for growing semiconductor QDs directly onto
mesoscopic oxide (e.g, TiO,) films. This in situ growth
process is convenient for achieving a very high loading of QDs
within the thin oxide film. However, QD films obtained by
these methods lack control of the particle size and crystallinity.
Further annealing at high temperature is necessary to render
crystallinity. Alternatively, one can deposit presynthesized QDs
onto a TiO, surface by direct deposition,”** linker-assisted
attachment,”*™** or electrophoretic deposition (EPD).>~3!
Since these QDs are synthesized at a relatively high
temperature (~300 °C), they remain crystalline and thus
exhibit sensitizing properties that are different than those
prepared by SILAR or CBD.
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In our earlier work, we reported the factors controlling
charge injection into TiO, and charge recombination processes
in CdSe/TiO, systems.*>** Doping of CdS with Mn*" during
SILAR deposition improved the power conversion efficiency to
values as high as 5.4%.'® Modification of CdS with such
dopants allows the creation of long-lived excited states because
of the spin-forbidden Mn d—d transition (*T;—°A,).>* Another
class of interesting semiconductor QDs are ternary metal
chalcogenides, whose properties can be tuned by controlling
the chalcogenide composition.>*” The gradient alloy
structure of CdSeS, for example, offers greater tunability of
the absorption and emission bands throughout the visible
region without changing the particle size.”” To date, very little
effort has been made to explore the alloy structure of ternary
metal chalcogenides to tune the photon harvesting in
QDSCs.>

In the present work, we synthesized highly luminescent
CdSeS QDs with a gradient alloy structure to obtain tandem
semiconductor layers in QDSCs and synergistically harvest
incident photons. The ease of sequential deposition of
composition-selective ternary chalcogenides within the meso-
scopic TiO, film enabled us to construct tandem layers of
sensitizers and maximize the harvesting of incident visible
photons within the QDSCs. The tunability of the absorption
features allowed us to test the previously proposed concept of a
rainbow solar cell.>® The influence of the Se:S ratio in tuning
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the excited-state properties of CdSeS QDs and its influence on
the photovoltaic performance are discussed.

B EXPERIMENTAL SECTION

Materials. Cadmium oxide (Alfa Aesar, 99.998%), oleic acid
(Aldrich, 90%), l-octadecene (Aldrich, 90%), selenium powder
(Aldrich, 99.99%), sulfur powder (Alfa Aesar, 99%), trioctylphosphine
(TOP) (Aldrich, 99%), methanol (Fisher Scientific, Certified ACS
grade), toluene (Fisher Scientific, HPLC grade), and n-butanol (Fisher
Scientific, Certified ACS grade) were used without further purification.

Synthesis of Quantum Dots. CdSeS QDs were synthesized using
a previously reported method.*” In a typical synthesis, 0.386 mmol of
CdO was added to 1.63 mmol of oleic acid and 10 mL of 1-
octadecene, and the solution was degassed for ~1 h at 80 °C. The
reaction mixture was heated to 300 °C, where the solution became
clear. Separately, Se and S powders in the desired ratio were dissolved
in TOP under a nitrogen atmosphere. The premixed solution of Se
and S was then injected into the reaction mixture at 300 °C. After this
temperature was maintained for 30 s, the reaction mixture was allowed
to cool to room temperature. n-Butanol was added to the reaction
mixture to precipitate the QDs. The precipitated QDs were washed
thoroughly five times using toluene and methanol to disperse and
reprecipitate them in each cycle.

Characterization and Optical Measurements. Transmission
electron microscopy (TEM) images were collected using a TITAN 80-
300 electron microscope at an accelerating voltage of 300 kV. Scanning
electron microscopy (SEM) images were collected using a Magellan
400 field-emission microscope with an operating voltage of 5 kV. UV—
vis absorption spectra were recorded using a Varian Cary 50 Bio
spectrophotometer. Photoluminescence spectra were recorded using a
Horiba Fluorolog spectrophotometer. A 420 nm filter was introduced
to exclude scattering from the excitation source. A solution of
rhodamine 6G in ethanol (quantum efficiency = 96%) was used as a
reference to determine the quantum efficiency (QE) of the QDs.
Transient absorption spectroscopy measurements were performed
using a Clark-MXR-2010 laser system (775 nm fundamental, 1 m]/
pulse, fwhm = 130 fs, 1 kHz repetition rate) combined with a Helios
transient absorption detection system from Ultrafast Systems. The
fundamental output beam was split 95/5; the 95% portion was
frequency-doubled to 387 nm to become the pump beam, and the
remaining 5% was used to generate a white-light continuum. Time-
resolved transient absorption spectra were recorded using a
spectrophotometric cell with provision for degassing the QDs
deposited either on SiO, or TiO, films. The deposition of QDs on
SiO, and TiO, films were carried out using a direct deposition method
described previously.”® The oxide films deposited on glass slides were
immersed in the QD suspension in toluene overnight to achieve
submonolayer coverage.

Nanocrystalline TiO, Electrode Preparation. Fluorine-doped
tin oxide (FTO) glasses (Pilkington Glass, TEC 7, 2 mm thickness)
were cleaned by sonication in detergent solution for 30 min followed
by sonication in ethanol for 10 min. Three separate layers of TiO,
films were deposited on FTO glass. First, a compact TiO, layer was
deposited on the FTO glass by treating the glass in 40 mM TiCl,
solution at 70 °C for 30 min and then washing with water and ethanol.
A TiO, paste form (Solaronix, Ti-Nanoxide T/SP, particle size ~20
nm) was then deposited as the active layer by the doctor blade
technique. The film was dried at room temperature and then kept at
80 °C for 1 h. The TiO, electrodes were annealed further at 500 °C in
air for 1 h. A scattering layer of TiO, (CCIC, PST-400C, particle size
~400 nm) was finally deposited on top of the active layer by the
doctor blade method. The electrodes were further dried and annealed
at 500 °C for 1 h.

Electrophoretic Deposition of QDs. The FTO electrodes with
and without deposited TiO, films were inserted in a quartz cuvette and
kept at distance of 0.4 cm. QDs dispersed in toluene (2.5 mL) were
added to the cuvette. A DC voltage of 60 V was applied for a particular
time to allow the deposition of QDs from solution onto the TiO,
electrode, which was connected to the positive terminal of the power
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supply. To deposit multiple layers of QDs, the above step was repeated
by replacing the solution with the QD suspension of the desired
composition.

Solar Cell Fabrication. TiO, films with deposited QDs were used
as photoanodes. The counter electrode was prepared from a composite
of Cu,S and reduced graphene oxide (RGO)* on cleaned FTO glass
by doctor blading. The working and counter electrodes were
assembled in a sandwich fashion using Parafilm as a spacer. A typical
working electrode had an area of 0.20—0.25 cm® The electrolyte was
prepared by dissolving 2 M Na,S and 2 M S in water (no methanol was
used in the electrolyte).

B RESULTS AND DISCUSSION

Photophysical Properties. A series of CdSeS QDs with
different Se:S ratios were synthesized. As discussed previ-
ously,®” careful control of the Se:S ratio enables the band gap of
CdSeS to be tuned from 2.57 to 2.05 eV. The optical properties
and the band gaps obtained from the corresponding excitonic
peaks of CdSeS with different Se:S ratios are summarized in
Table 1. The change in the absorption maximum from ~480 to

Table 1. Absorption and Emission Characteristics of CdSeS
QDs at Different Se:S Ratios

sample abs peak (nm) em peak (nm) QE (%) kg (5712
Cds 476 483 27.4 -
Se:S = 1:75 524 546 59.9 -
Se:S = 1:50 539 558 62.0 5.5 % 10%°
Se:S = 1:25 565 581 42.4 2.2 % 10%°
Se:S = 1:5 593 608 14.7 1.5 x 10°
CdSe 603 605 23 0.5 x 10° ¥

“Rate constant for electron transfer between excited CdSeS and TiO,,
as determined from transient absorption spectroscopy. “For 4.2 nm
CdSe QDs (data taken from ref 44).

~650 nm confirmed the decrease in the band gap with
increasing Se content (Figure 1A). Relative emission spectra
recorded using an excitation wavelength of 400 nm are shown
in Figure 1B. The emission peaks are narrow and closely
aligned with the edge of corresponding absorption spectrum,
thus confirming the band-edge emission of these QDs. The
prominent excitonic peak of these QDs with a bathochromic
shift in the emission band confirmed that a narrow size
distribution was successfully achieved in these samples. The
QEs of these CdSeS QDs varied from 2.3 to 62.0%. As shown
in the Figure 1B inset, the emission intensity increased with
increasing S fraction, with a maximum QE of 62% at a Se:S
ratio of 1:50. Such a high QE for CdSeS emission is similar to
earlier reports where QEs of up to ~80% were observed.”” The
visual display of emission colors of the different CdSeS QDs
dispersed in toluene under UV excitation is captured in Figure
1C.

This high photoluminescence efficiency arises from the
naturally formed CdSe—CdS gradient from core to surface. As
shown previously, the internal structure of such a CdSeS
ternary compound allows the composition to vary gradually
from CdSe in the core to CdS at the surface.** Such an internal
structure is facilitated because of the higher reactivity of Cd
toward Se than toward S. Recent quantum-mechanical
calculations showed that the gradient structure also decreases
the surface-related nonradiative decay, which in turn is reflected
as a greater photoluminescence yield.*’

The size quantization effect in CdS and CdSe QDs has been
well-established through the dependence of the band gap on
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Figure 1. (A) Absorption spectra, (B) emission spectra, and (C) photographs under UV light of CdSeS QDs with different Se:S ratios: (a) CdS; (b)
Se:S = 1:75; (c) Se:S = 1:50; (d) Se:S = 1:25; (e) Se:S = 1:5; (f) CdSe. The absorption spectra were normalized to 1 at the excitonic peak. The
emission spectra were recorded at an excitation wavelength of 400 nm and normalized to the emission peak. The inset of (B) shows the relative

emission intensity variation for the different CdSeS QDs.

Figure 2. TEM images of CdSeS QDs exhibiting (A) green (Se:S = 1:50), (B) orange (Se:S = 1:25), and (C) red (Se:S = 1:5) emission. The scale

bar is 20 nm in each image.

the size of the particle. It was therefore interesting to determine
whether the observed shifts in the absorption and emission
spectra of different CdSeS QDs (Figure 1) arise from changes
in the composition or changes in the particle size. Figure 2
shows TEM images of CdSeS QDs exhibiting (A) green (Se:S
= 1:50), (B) orange (Se:S = 1:25), and (C) red (Se:S = 1:5)
emission. The average diameters obtained from analysis of the
TEM images were 4.5, 4.4, and 4.6 nm for green-, orange-, and
red-emitting QD samples, respectively. These results confirmed
that the size variation in these particles was minimal. Hence, the
large shifts in the absorption and emission spectra observed for
CdSeS QDs with different Se:S ratios cannot be attributed to
the variation in the particle size. The composition of Se and S
in CdSeS QDs dictates the effective band gap of CdSeS for a
specific size of QD. Tuning the composition between Se and S
in CdSeS provides the control of the effective band gap of the
ternary chalcogenide.

Electron Transfer Dynamics. To assess the ability of
CdSeS QDs to be used in solar cells, we probed the excited-
state dynamics and charge transfer processes on the oxide
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surface. The approach followed an earlier effort that used CdS
and CdSe QDs deposited on mesoscopic TiO, films as a
photoactive anodes. When employed in liquid-junction and
solid-state solar cells, such photoanodes exhibit power
conversion efficiencies in the range of 5—6%."'"* Time-
resolved transient absorption and emission spectroscopy
techniques are convenient for probing the primary process of
injecting electrons from excited QDs into oxide particles (TiO,,
ZnO, and Sn0,).*

Three CdSeS QDs prepared with Se:S ratios of 1:50 (green),
1:25 (orange), and Se:S = 1:5 (red) were chosen to probe the
electron transfer from excited QDs into TiO, colloids using
transient absorption spectroscopy. (On the basis of the color of
emission, we refer to these colloids as green, orange, and red,
respectively.) Transparent films of SiO, and TiO, on glass
slides were first prepared by applying colloidal paste and then
annealing at 500 °C. These films were then immersed
separately in CdSeS suspensions to allow the adsorption of
green-, orange-, and red-emitting CdSeS onto the TiO, surface.
The direct adsorption method enables direct interactions
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between CdSeS and TiO,, as the coverage remains less than a
monolayer with minimal aggregation effects.”***

Transient absorption spectra recorded using 387 nm laser
pulse excitation of the red CdSeS QDs attached to TiO, and
SiO, mesoscopic films are shown in Figure SI-1 in the
Supporting Information. The disappearance of the character-
istic 1S;/,—1S, transition of the CdSeS QDs is seen from the
transient bleaching in the difference absorption spectra. The
transient absorption spectra recorded immediately after the
laser pulse excitation of CdSeS QDs attached to TiO, and SiO,
exhibit similar spectral features. Hence, we can infer that the
electronic transitions remain unperturbed by the nature of the
oxide substrate. However, differences emerge in the rate at
which the bleaching recovers. The absorption—time profiles of
bleaching recovery for green, orange, and red QDs attached to
SiO, and TiO, substrates are compared in Figure 3A—C,
respectively.

Laser pulse excitation of CdSeS QDs adsorbed on SiO, and
TiO, results in electron (e)—hole (h) separation (reaction 1)
followed by recombination of the charge carriers (reaction 2):

CdSeS + hv — CdSeS(h + e) (1)
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— — Green QD on Ti0;
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Figure 3. Kinetic traces of the excitonic decay of (A) green, (B)
orange, and (C) red CdSeS QDs. The black and red traces correspond
to QDs on TiO, and SiO,, respectively. The solid lines represent
corresponding biexponential kinetic fits. Decays are monitored at 539,
56S and 593 nm for green, orange and red QDs, respectively.

880

CdSeS(h + e) — CdSeS + hv' ()

On the TiO, surface, there is an additional deactivation
pathway for the bleaching recovery in which the photo-
generated electrons are injected into the TiO, nanoparticles
(reaction 3):

CdSeS(e) + TiO, — CdSeS + TiO,(e) (3)

As can be seen from Figure 3, the CdSeS bleaching recovery
occurs faster on the TiO, surface than on the SiO, surface. This
faster recovery confirms the contribution of reaction 3 to the
overall disap}s)earance of charge carriers. As discussed in earlier
studies,”®*>*>** the bleaching recovery occurs with a range of
heterogeneous kinetics but can be fitted to a biexponential
function. In case of QDs attached to SiO,, the contribution due
to electron injection from the QDs is negligible because this
process is not energetically feasible. If we assume that the faster
bleaching recovery seen on the TiO, surface is entirely due to
the electron injection process, we can obtain the electron
transfer rate constant (kgy) from eq 4.

1 1
~ o(Ti0,)  7(Si0,) )

where 7(TiO,) and 7(SiO,) are the lifetimes of the fast
component of the bleaching recovery of the CdSeS/TiO, and
CdSeS/SiO, films.

The electron transfer rate constants determined from the
bleaching recovery traces in Figure 3 are summarized in Table
1. We considered the fast component of the recovery for
estimating kgy from eq 4 as it provides the upper limit for the
observed electron transfer rate constant. The green QDs, which
have the largest band gap, exhibit a kgp value of 5.5 X 10" 57,
which is nearly 2 orders of magnitude greater than the one
observed for the red QDs. The different conduction band
energies of these QDs provide different magnitudes of the
driving force for injection of electrons into the TiO,
nanoparticles (Scheme 1). Since decreasing the Se component

kET

Scheme 1. Schematic Illustration of the Conduction and
Valence Band Positions of the Green, Orange, and Red
CdSeS QDs Relative to TiO,

AEIT, —
CB
Red = Green
VB
TiO; CdSeS

in CdSeS increases the band gap, we expect a concurrent shift
in the conduction band to more negative potentials. For
example, the difference between the conduction band energies
of the green CdSeS QDs and TiO, is larger than those for the
orange and red QDs, which in turn reflects a higher value of
kgr. A similar dependence of the electron transfer rate on the
conduction band energy of quantized CdSe nanoparticles was
established by varying the particle size.*> The Marcus many-
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Figure 4. (A) Absorption spectra of red QDs attached to a transparent TiO, layer by EPD with a bias voltage of 60 V for deposition times of 0, 2, S,
10, 15, 20, 25, 30, 40, and 60 min. The inset shows the variation of the absorption peak intensity at 550 nm with time. (B) Cross-sectional SEM
image of the TiO, photoanode deposited with QDs by EPD. The scale bar represents a length of 10 ym.
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Figure S. (A) IPCE spectra and (B) J—V characteristics of QDSCs with working electrodes containing (a) green, (b) orange, and (c) red CdSeS
QDs. The working electrode areas were 0.24, 0.23, and 0.25 cm?, respectively. A Cu,S/RGO composite counter electrode was used, and aqueous 2
M Na,S/2 M S served as the electrolyte. The performance of the solar cells was measured under AM 1.5 radiation with an incident power of 100
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state model was used to demonstrate the dependence of kg on
the free energy difference, AG.*>**

Electrophoretic Deposition and Absorption of QDs.
Various techniques have been employed to deposit metal
chalcogenide QDs on TiO, and other oxide films. Although
bifunctional linker molecule-assisted techniques are convenient
for depositing chalcogenide QDs on TiO, surfaces, ligand
exchange at the QD surface can often influence the excited-
state dynamics. For example, during the ligand exchange of
dodecylamine with mercaptopropionic acid (MPA) in CdSe
QDs, one could readily observe creation of additional sulfur
vacancies.*> EPD is another useful technique in which the
negatively charged QDs from solution are driven into the
mesoscopic TiO, film under the influence of an applied electric
field. The robust coverage achieved through EPD has been
successfully employed in QDSCs.*"*® Of particular interest is
the ease with which one can deposit sequential layers of QDs
with different absorption properties and tailor the light-
harvesting properties of the QDSC.

Figure 4A shows the absorption spectra of red QDs
electrophoretically deposited onto a TiO, film during the
application of a DC electric field. The absorption spectra of the
electrode were recorded after application of a DC voltage of 60
V at fixed time intervals. The increase in absorbance of the
electrode with EPD time confirmed the increased deposition of
CdSeS QDs from solution onto the TiO, film. The absorption
features of the electrophoretically deposited CdSeS film in
Figure 4A shows characteristic excitonic peaks of red CdSeS.
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The absorption features of these films are similar to those in the
solution spectra, thus confirming the retention of the original
properties of the pristine QDs following EPD. The rate of
deposition of QDs during the EPD process was also monitored
by the change in absorbance of CdSeS at a given wavelength
with time (see the Figure 4A inset). Figure 4B shows the cross-
sectional SEM image of the photoanode recorded after the
electrodeposition of orange QDs within the TiO, film. The
image shows the layered structure, including the blocking layer,
the TiO,/QD layer, and the scattering layer. Because of the
extremely small size of the QDs, we were not able to map them
within the TiO, layer.

Photoelectrochemical Performance of CdSeS in
QDSCs. While most of the QDSC studies have focused on
CdSe and CdS QDs, very few studies involving the utilization
of ternary chalcogenide QDs exist.*® The ability of CdSeS to
inject electrons into TiO, efliciently makes this system an
interesting candidate for the operation of QDSCs. Further-
more, the absorption tunability offers an opportunity to layer
the individually separated green, orange, and red CdSeS QDs
within the mesoscopic TiO, film and explore the construction
of a rainbow solar cell.

Electrodes prepared by the EPD technique using highly
emissive green-, orange-, and red-emitting CdSeS QDs were
used as photoanodes in QDSCs. The concentration of QDs
employed in the EPD solution was kept constant to maintain a
similar absorbance (see the absorption spectra of EPD solutions
in Figure SI-3). The total EPD duration for all samples was
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Table 2. Photoelectrochemical Parameters of QDSCs Employing CdSeS/TiO, Films as Photoanodes

Conl’iguratlon" Sample-EPD time in Jse Voo FF i (%) | Expected | Increase
min (mA/em”) | (V) i (%) (%)
i Green-30 6.1 0.541 | 0.50 1.65 - -
Orange-30 7.5 0.549 | 0.51 2.10 - -
Red-30 10.2 0.566 | 0.51 2.94 - -
Green-15/Red-15 8.9 0.547 | 0.51 2.49 1.91 304
Orange-15/Red-15 11.2 0.557 | 0.51 3.20 227 40.9
[E—
Green-10/Orange- 10.9 0.548 | 0.50 3.00 1.87 60.4
[ 10/Red-10
|Green+Orange+Red| 8.5 0.552 | 0.50 2.34 2.21 59
mixed-30
Red-15/Green-15 9.5 0.548 | 0.49 2.54 2.68 -5.2
Red-15/0Orange-15 10.7 0.567 | 049 2.92 2.77 5.4
Red-10/Orange- 10.6 0.544 | 0.46 2.60 2.64 0.8
- 10/Green-10

“Sequence of CdSeS (red, orange, and green) layers deposited on FTO. The illumination was from the FTO side. Other experimental conditions

were same as in Figure 7B.

maintained at 30 min to ensure a constant amount of QD
deposition. Absorption spectra were recorded after the EPD
cycle to ensure similar loading levels of QDs. The QD-loaded
photoanodes were treated with two cycles of ZnS by the SILAR
method at room temperature. The overcoat of ZnS acted as a
blocking layer to suppress the charge recombination process at
the semiconductor—electrolyte interface.’’ These electrodes
were dried after washing with methanol and stored in the dark
under N, atmosphere.

Figure SA shows photoaction spectra of three CdSeS
electrodes prepared using green, orange, and red QDs. The
external quantum efficiency [or incident photocurrent to charge
carrier generation efficiency (IPCE)] was determined by
monitoring the photocurrent of the QDSCs at different
monochromatic excitations. The onset of the photoresponse
matches well with the absorption of the corresponding QDs
reported in Figure SI-3. The peaks corresponding to the
excitonic transitions are also seen in the IPCE spectra. The
maximum IPCEs observed for these three electrodes were in
the range of 35—42%.

The current density—voltage (J—V) characteristics of the
green, orange, and red CdSeS QDs deposited within the pores
of TiO, films are shown in Figure 5B. The short-circuit current
density (Jsc), open-circuit potential (Vio), fill factor (FF), and
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overall power conversion efficiency () of QDSCs employing
these three electrodes are summarized in Table 2. The V¢
values for the three electrodes were similar (0.541—0.566 V).
However, the observed Jc varied from 6.1 to 10.2 mA/cm? as
the band gap of CdSeS decreased. Since the absorption of
small-band-gap (red) CdSeS extends up to 640 nm, it is able to
harvest a greater number of photons from the incident visible
light and thus deliver a higher photocurrent. This trend is also
reflected in the overall power conversion efficiencies of the
QDSCs, which varied from 1.65% for the TiO, electrode
sensitized with green CdSeS QDs to 2.94% for the electrode
with red CdSeS QDs. The fill factors for all of these QDSCs
were similar (~0.5), implying that these cells operated under
similar electrochemical constraints as the incident light was
converted into electricity. It should be noted that the Cu,S/
RGO composite counter electrode employed in the present
study overcomes many of the limitations of Pt and brass
counter electrodes in a sulfide/polysulfide electrolyte.*
Photoelectrochemical Performance of Tandem Layers
of CdSeS. Whereas the majority of QDSC studies have
focused on utilizing a single type of QDs, a few attempts have
been made to employ two different QDs to increase the
absorption in the visible region. For example, sequential or
codeposition of CdSe and CdS QDs on TiO, films has been
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shown to improve the photoelectrochemical perform-
ance.”* ™ In many of these QDSCs, the energy gained
during ultra-band-gap excitation (viz., wavelengths shorter than
the absorption onset) are simply lost in the thermalization
process. Although proposals have been made to harvest hot
electrons®>" or multiple electron generation,>” the net gain in
1 has remained negligible. There are two other possibilities to
engineer the light-harvesting features over a broader region and
utilize the photons quite effectively: (i) coupling of dye
molecules and semiconductor QDs to induce sensitization in a
synergestic way and (ii) developing a tandem structure of
semiconductor QDs in which the absorption of photons within
the film is carried out in a systematic and gradient fashion.
Several attempts have been made recently to design dye—QD
composite systems. For example, suitable linking of a near-IR-
absorbing squaraine dye with CdS or CdSe allowed the
photocurrent response to be extended by sequential electron
transfer’> or Forster resonance energy transfer (FRET).54
However, efforts to utilize sequentially deposited QD layers to
engineer efficient light harvesting remains a challenge.

We will now discuss the design of multilayer QDSCs (with
two or three tandem layers) by sequential deposition of green,
orange, and red CdSeS QDs and explore the synergy of their
tandem activity. Various combinations of deposition sequences
were employed to optimize the photoelectrochemical perform-
ance of tandem-layered CdSeS photoanodes. The cell
configuration and order of illumination of each layer are
depicted in the first column of Table 2. For the construction of
two-layer QDSCs, the TiO, electrode was first subjected to
EPD for 15 min at 60 V with one CdSeS QD suspension. This
step was followed by another EPD cycle with a different QD
suspension. For example, in the case of the green/red bilayer
film, the TiO, film was first subjected to EPD using the green
QD suspension. This step was followed by the EPD using the
red QD suspension. For three-layer QDSCs, green, orange, and
red QD suspensions were used in three successive 10 min EPD
cycles. The schematic diagram depicting the possible arrange-
ment of green, orange, and red layers following the EPD is
shown in Figure 6A. When excited with visible light from the
FTO side, the green QDs are excited first, and the filtered light
is absorbed by the orange QDs followed by the red QDs. It
should be noted that during the first EPD cycle, the chosen
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Figure 6. Schematic illustrations of QDSCs formed by sequential and
simultaneous deposition of CdSeS QDs. (A) Sequentially deposited
green, orange, and red QDs constituting the rainbow QDSC structure.
(B) QDSC structure formed using premixed [green + orange + red]

QDs.
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QDs are driven to the interior of the film, while the second
(and third) cycles allow deposition of QDs away from the FTO
surface. The loading of first-layer QDs close to the FTO surface
is visualized from the coloration of the electrode through the
transparent glass. For comparative studies, deposition of a
mixture of QDs (Figure 6B) was also performed in a similar
fashion by first mixing the three QD suspensions and then
subjecting the mixture to a 30 min EPD cycle.

The IPCE spectra of QDSCs employing two or three
different types of CdSeS QDs are shown in Figure 7A. (The
absorption spectra of the working electrodes consisting of
individual and two-layered QD/TiO, films are shown in Figure
SI-4. The magnitudes of the absorption for the individual QD
films and the composite films were estimated from the
absorption vs EPD duration of CdSeS QDs in these
electrodes.) The appearance of the photocurrent onset around
640 nm confirmed the participation of red QDs in all of these
experiments. However, the magnitude of the maximum IPCE
varied depending upon the layer configuration. The electrodes
prepared with sequential deposition of orange/red (spectrum
b) and green/orange/red (spectrum c) showed the best
performance.

Figure 7B shows the J—V characteristics for different
composite cells. The photovoltaic parameters of QDSCs
recorded with various combinations of deposited CdSeS layers
are summarized in Table 2. In all cases, Vi exhibited little
variation, with values ranging from 0.547 to 0.567 V. The Jsc
values varied from 8.5 to 11.2 mA/cm? The best-performing
composite QDSC (trace b in Figure 7B) had an electrode
prepared with sequential layers of orange QDs followed by red
QDs (Jsc = 11.2 mA/cm?, Ve = 0.557 V, and FF = 0.51). The
net power conversion efficiency determined for the QDSC
using the orange QD/red QD bilayer was 3.20%. Interestingly,
the value of # for the QDSC employing this bilayer CdSeS
electrode was higher than those for the QDSCs employing a
single layer of orange (2.10%) or red (2.94%) QDs. The
increase in 7 reflects the synergy of the two layers in capturing
photons quite efficiently and thus enabling the delivery of a
higher photocurrent. When a bilayer of QDs was deposited
using green and red QDs, we observed an 5 value of 2.49%,
which is greater than that for the QDSC employing green QDs
alone but slightly lower than that using red QDs alone as the
sensitizer. The three-layer QDSC with deposition of green QDs
followed by orange QDs and red QDs exhibited a total power
conversion efficiency of 3.00%, which is higher than the
efficiency of photoanodes employing any of the QDs alone.
These results highlight the importance of sequential arrange-
ment of two different CdSeS QDs within the mesoscopic TiO,
network to maximize the photon capture and participate in the
charge injection process.

Synergy of Tandem QD Layers. We estimated the
contribution of different CdSeS QDs in the bilayer electrode
systems from the absorption spectra of the TiO,/CdSeS films
at different EPD times (Figure 4). For example, in an orange/
red bilayer system, we expected ~80% orange QDs to be
deposited in the first EPD cycle and the remaining 20% red
QDs to be deposited in the second cycle. If the observed 5
value is a simple additive effect, we would expect # of the
orange/red bilayer electrode to be the sum of 80% of the
orange QDSC value and 20% of the red QDSC value. Similar 7
estimates based on the additive effect were made from the
contributions of different CdSeS layers, and the values are
compared in Table 2.
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Figure 7. (A) IPCE spectra and (B) J—V characteristics of different composite working electrodes containing (a) green/red, (b) orange/red, or (c)
green/orange/red sequential layers or (d) a layer of premixed [green + orange + red] CdSeS QDs deposited by EPD. The working electrode areas
were 0.24, 0.21, 0.21, and 0.22 cm?, respectively. A Cu,S/RGO composite counter electrode was used, and aqueous 2 M Na,S/2 M S served as the
electrolyte. The performance of the solar cells was measured under AM 1.5 radiation with an incident power of 100 mW/cm?
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The observed efficiency of 3.20% for the orange/red-layered
QDSC is greater than the value of 2.27% obtained from the
estimation of the additive effect. The nearly 41% increase in the
efficiency of this orange/red bilayer QDSC shows that the
tandem layers of CdSeS with different absorptive ranges are
beneficial for improving the performance of the QDSC.
Similarly, the green/red-layered QDSC shows an # increase
of 30% compared with the expected 1.91%. To further establish
the synergy of the tandem-layer configuration, we compared
the performance of the QDSC containing the sequentially
deposited three-layer CdSeS/TiO, electrode (trace c in Figure
7B) with that of the QDSC containing the premixed layer of
three QDs (trace d in Figure 7B). The three-component
composite QDSC was constituted with 70% green QDs, 20%
orange QDs, and 10% red QDs. The net power conversion
efficiency with sequentially layered QDs was 3.0%, which is
greater than the 7 value with premixed QDs (2.34%). The
increase in 7 of sequentially layered three component QDSC is
60% compared with the calculated efficiency of 1.87%. These
results further support the argument that the systematic
layering of QDs can provide synergy for capturing and
converting a wide array of photons in the visible region.

Scheme 2 illustrates two possible scenarios for observing the
synergy of layered QDs in tandem. In the first case, the
alignment of band energies would allow an electron transfer
cascade from larger-band-gap QDs to smaller-band-gap QDs,
resulting in the accumulation of electrons in the latter. These
electrons would then be injected into TiO, nanoparticles and
transported across TiO, network. The other scenario would
involve energy transfer from larger-band-gap QDs to smaller-
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band-gap QDs, thus concentrating excitation in the red QDs.
This would cause red QDs to be the major participant in the
electron transfer process. The feasibility of such energy transfer
between QDs with different band gaps has been demonstrated
by Choi et al.>> By employing time-resolved emission studies,
these researchers were able to demonstrate the combined effect
of energy and electron transfer processes in two different sizes
of CdSe QDs deposited on TiO, films. The layered structure in
their example was obtained by the Langmuir—Blodgett
technique. Although it is difficult at this stage to pinpoint the
contributions of the electron and energy transfer routes
presented in Scheme 2, the synergetic effects observed with
the tandem architecture highlight the possible role of both of
these pathways in improving the performance of composite
QDSCs.

B CONCLUSIONS

Highly luminescent ternary chalcogenide QDs with gradient
composition offer new ways to design QDSCs with selective
absorption in the visible region. The electrophoretic deposition
of crystalline CdSeS nanoparticles within the mesoscopic TiO,
film forms layered structures within the mesoscopic TiO, film
and thus maximizes the light-harvesting capability of QDSCs.
The sequential layering of larger-band-gap CdSeS QDs
followed by smaller-band-gap QDs provides a better synergy
for harvesting incident photons across the visible spectrum.
Power conversion efficiencies of 3.2 and 3.0% obtained for
QDSCs with two and three layers of QDs, respectively,
represent synergetic effects during the operation of tandem-
layered QDSCs. This maiden concept of utilizing ternary metal
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chalcogenides in the design of tandem-layered QDSCs paves
the way to new strategies for improving the efficiency of solar
cells.
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