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ABSTRACT Quantum dot sensitized solar cells (QDSSC) may benefit from the ability to tune the quantum
dot optical properties and band gap through the manipulation of their size and composition. Moreover, the

inorganic nanocrystals may provide increased stability compared to organic sensitizers. We report the facile

fabrication of QDSSC by electrophoretic deposition of CdSe QDs onto conducting electrodes coated with mesoporous

Ti0,. Unlike prior chemical linker-based methods, no pretreatment of the Ti0, was needed, and deposition times

as short as 2 h were sufficient for effective coating. Cross-sectional chemical analysis shows that the (d content is

nearly constant across the entire Ti0, layer. The dependence of the deposition on size was studied and successfully

applied to CdSe dots with diameters between 2.5 and 5.5 nm as well as larger CdSe quantum rods. The photovoltaic

characteristics of the devices are greatly improved compared with those achieved for cells prepared with a linker

approach, reaching efficiencies as high as 1.7%, under 1 sun illumination conditions, after treating the coated

electrodes with ZnS. Notably, the absorbed photon to electron conversion efficiencies did not show a clear size-

dependence indicating efficient electron injection even for the larger QD sizes. The electrophoretic deposition

method can be easily expanded and applied for preparations of QDSSCs using diverse colloidal quantum dot and

quantum rod materials for sensitization.
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quantum dot

uantum dot sensitized solar

cells" 7 (QDSSC) employ the

quantum dots as sensitizers, ben-

efiting from the ability to tune the
optical properties by controlling the QD
size and composition.2”'° In the QDSSC,
the QDs are attached to a wide band gap
semiconductor,’’ "2 usually mesoporous
TiO,, in which, following light absorption,
the electrons are injected, while the hole is
transported via a suitable electrolyte to the
counter-electrode. It has also been sug-
gested that the stability may be improved
by the use of inorganic sensitizers in the
QDSSC.

QDSSCs have been fabricated using two
fundamentally different approaches. The
first and most common routes employ the
in situ preparation of QDs onto the nano-
structured wide bandgap semiconductor,
either by chemical bath deposition'*™ '8 or
by successive ionic layer adsorption and
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reaction.’®?° These methods provide high
surface coverage of QDs, with good anchor-
ing to the electrodes, but the control over
the QD size is limited and the size distribu-
tion is broad. This problem may be allevi-
ated by fabricating QDSSCs with monodis-
perse QDs prepared ex situ. This second
approach can take advantage of the tre-
mendous developments in controlling the
growth of monodisperse and highly crystal-
line quantum dots of diverse semiconduc-
tor materials.?’ However, the ex situ growth
approach requires, in a second step, facile
methods to incorporate the QDs onto the
electrodes to achieve effective

QD —electrode junctions that would pro-
mote charge separation while minimizing
surface trapping and hence losses.

Most commonly, a linker-based ap-
proach was used, in which the mesoporous
TiO, electrodes were coated by bifunctional
molecular linkers, followed by immersing
the electrode in a solution of QDs for depo-
sition. This ex situ fabrication method suf-
fers from two main drawbacks; first, due to
the high aspect ratio porosity of the elec-
trode and lack of clear driving force for
deposition, long deposition times (24—96
h) are needed to achieve reasonable cover-
age and optical density of the absorbing
sensitizer. Second, mostly poor photoelec-
tric responses could be achieved, likely be-
cause of the presence of a barrier for elec-
tron injection introduced by the linker
molecule.*®

An additional method for ex situ deposi-
tion of QDs to TiO, electrodes was sug-
gested by Bisquert,” Gomez,>? and co-
workers using direct adsorption (DA). The
principle of this method includes solvent/
nonsolvent precipitation of QDs from the
solution onto the mesoporous electrodes.
However, this precipitation process cannot
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be easily controlled due to the tendency of the QDs to
agglomerate in solution, leading to uneven and polydis-
perse coverage by aggregates.

Here we introduce a modified approach for ex situ
quantum dot sensitized solar cell fabrication, employ-
ing electrophoretic deposition of semiconductor QDs
into mesoporous TiO,. Electrophoretic deposition
(EPD) was previously employed to deposit
semiconductor,”® 2 metallic,*® 32 and insulating
nanoparticles on conductive substrates and
polymers.>>3>~37 Herman and co-workers have re-
ported depositions of CdSe QDs adhering strongly both
on negative and positive electrodes.?6?83#~ 4> First
steps in applying electrophoretic deposition for solar-
cell fabrication were also reported.?*#® Rosenthal*” and
co-workers have fabricated photovoltaic cells by EPD
of CdSe nanocrystals on flat TiO,, yielding low conver-
sion efficiencies. Kamat and co-workers*®*° have used
EPD of carbon nanotubes—CdSe NPs composites and
C60—CdSe NPs composites to prepare solar cells, yield-
ing also low efficiencies. So far, the early efforts did
not provide a high efficiency and were not applied to
deposit CdSe QDs on mesoporous TiO,-based solar
cells.

Our work shows that the EPD on the TiO, elec-
trodes indeed provides a driving force leading to highly
effective QD deposition on the mesoporous TiO, sur-
face. This allows us to shorten the fabrication time con-
siderably, and high coverage was achieved already
after 2 h. Detailed microscopic and chemical analysis
provides proof for penetration of the QDs through the
depth of the TiO, layer, reflecting the effectiveness of
the EPD method in this case. Moreover, the photovol-
taic characteristics of the devices were improved
greatly, especially after postdeposition surface treat-
ment with ZnS, reaching values that approach those re-
ported for in situ prepared QDSSCs. This is indicative of
the good connectivity between the QDs and the TiO,
enabled by this EPD preparation method. Additionally,
the size dependence of the photovoltaic characteristics
was investigated, and QDs with larger diameters
showed improved performance, unlike in previous re-
ports employing a linker strategy. The EPD method can
be easily applied generally to deposit QD sensitizers
NPs of diverse semiconductor and of different morphol-
ogies as we also demonstrate for deposition of quan-
tum rod semiconductors.

33,34

RESULTS AND DISCUSSION

CdSe quantum dots of diameters ranging between
2.5—5.5 nm were synthesized using high temperature
pyrolysis of organometallic precursors in a coordinating
solvent as in known literature procedures. The QDs are
overcoated by a mixture of tributylphosphine (TBP) and
trioctylphosphineoxide (TOPO).>° Mesoporous TiO, lay-
ers were deposited by EPD on fluorinated tin oxide
(FTO) transparent electrodes, followed by hydraulic
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Figure 1. (a) lllustration of the EPD system; (b) images of QDs-TiO,
electrodes after 2 h of EPD. (c) Absorbance of QDs on the TiO, elec-
trodes: (black line) 2.5, (red) 3.4, (green) 4, and (blue) 5.5 nm QDs. For
the simplification of data observed, we present the more efficient
electrodes after ZnS treatment from each pair of electrodes (nega-
tive and positive) per QDs; the full data is presented in the Support-

ing Information, Figure S2.

pressing and high temperature sintering, reaching
thicknesses up to 5 wm. For EPD of the QDs, pairs of me-
soporous TiO, electrodes were immersed in toluene so-
lutions of the nanoparticles, with typical concentra-
tions of 1077 M, and a DC voltage of 200 V was applied
for 2 h (see Figure 1a). A coloring of the electrodes was
clearly visible as seen in Figure 1b, indicative of QD
deposition, unlike when the electrodes were immersed
in toluene with no voltage applied (Supporting Infor-
mation, Figure S3). The absorbance of the electrodes
was measured using an integrating sphere (Figure 1c
and Supporting Information, Figure S1). Deposition on
both the positive and the negative electrodes was seen.
This is indicative of QDs with either negative or posi-
tive excess charges, likely attributed to the surface
ligands, and consistent with earlier studies of deposi-
tion onto conductive electrodes.>**° Some broadening
of the QD absorption features occurred upon deposi-
tion compared with the solution absorbance, and the
band gap of the QDs on the electrodes showed only
slight changes (Supporting Information, Figure S1).
Chemical analysis performed on cross sections of the
electrodes using energy dispersive X-ray spectroscopy
(EDS) in a high resolution scanning electron microscope
(HRSEM) is presented in Figure 2 for the negative 4.0
nm electrode. The Ti/Cd atomic ratio is nearly constant
throughout the entire TiO, cross-section as was also
seen for other QD sizes (Supporting Information, Fig-
ure S4). Electron flight simulation, Monte Carlo model-
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Figure 2. (a) HRSEM image of a cross-section of TiO, with 4
nm QDs; numbers indicate the points on the TiO, where EDS
analysis was made. (b) Cd—Ti ratio measured at different
cross-section heights of the TiO, using EDS analysis.

ing, performed in order to determine the EDS spot size
made using the HRSEM on the TiO, cross section, has re-
vealed a spot size of 1.2 um; therefore, some overlap
is seen between the close spots.

Chemical analysis of the electrode at significantly
higher resolution was then done by fabrication of
lamella cross section of the 4.0 nm QDs TiO, negative
electrode using a focused ion beam (FIB). The lamella
was characterized using line scan energy dispersive
X-ray spectroscopy (EDS) in a high resolution transmis-
sion electron microscope (HRTEM) operated at 200 kV
(inset of Figure 3a). The line scan shows Ti (green), Cd
(red), and Se (white) intensities acquired by the detec-
tor. The dispersion of X-ray electrons emitted from the
lamella, calculated by electron flight simulations, was
found to be <40 nm; therefore, the signals recorded
from the EDS line scan are in the same range of the
granulation of the P-25 TiO, and follow the pattern of
the cross section. Looking at the normalized signals of
Ti and Cd, a similar trend is seen between the signals
throughout the TiO, cross section (Figure 3a) which in-
dicates homogeneous coverage of QDs on the TiO, par-
ticles, all the way down to the FTO substrate. The ratio
between Cd and Ti atom signals recorded from the scan
was calculated (Figure 3b) and does not show a gradi-
ent trend throughout the cross section. The average
signal is 0.16, closely similar to the ratio recorded us-
ing the EDS analysis made using the SEM. Additional
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analysis along the width of the lamella cross section, at
three different heights, is presented in Supporting Infor-
mation, Figure S5. The atomic ratio between Cd and Ti
does not show a gradient trend, which also indicates
that the CdSe coverage along the mesoporous TiO, is
closely similar. Both EDS SEM and EDS HRTEM have de-
termined effective penetration and homogeneous
deposition of the QDs throughout the mesoporous net-
work down to the FTO substrate, taking place in a fast
time scale of only 2 h.

To further demonstrate the versatility of our method
we have also deposited by the same method 20 X 4
nm CdSe quantum rods (QRs) into mesoporous TiO,
electrodes and analyzed a lamella cross section of the
electrode using EDS line scan in the HRTEM (Support-
ing Information, Figure S6). The Ti to Cd atom ratio
along the lamella cross section changes only slightly.
The average ratio between Cd and Ti atoms is 0.09,
lower compared to QDs, likely because of the longer
axis of the rod. This result suggests that electrophoretic
deposition of different morphologies of nanoparticles
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Figure 3. (a) Normalized Ti (green) and Cd (red) element
signal intensity. Inset, STEM EDS line scan of a lamella cross
section of TiO, with negative 4.0 nm QDs electrode. The
analysis was made from the FTO toward the top of the TiO,.
Colored lines indicate intensities of elements, Ti (green), Cd
(red), and Se (white). (b) Cd—Ti atom ratio, not normalized,
(black dots) measured from the line scan.
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Figure 4. (a) Current—voltage characteristics of illuminated solar cells after deposition of different sizes of QDs on TiO, under 1 sun AM
1.5 illuminations: (black line) 2.5, (red) 3.4, (green) 4, and (blue) 5.5 nm. (b) Incident photon to charge efficiency (IPCE) of different sizes

of QDs on TiO, electrodes. (c) Absorbed photon to charge efficiency (APCE) of different sizes of QDs on TiO, electrodes.

(as QDs and QRs) into mesoporous TiO, can also be
practiced with almost constant coverage.

BET measurements done on the TiO, particles after
sintering yielded a specific surface area of 49 m?/g
which is in agreement with literature values.>'*? Deriv-
ing the area that would be covered by the nanoparticles
on the electrodes using absorbance measurements
have revealed less than 0.2 monolayer of QDs cover-
age (detailed calculations in the Supporting Informa-
tion and Table S1).

Next, QDSSC devices were prepared by depositing
20 pL of 1 M polysulfide electrolyte on the electrode
and closing the cell with a Pt counter-electrode using
50 wm thick Teflon spacers. The photovoltaic perfor-
mance is shown in Figure 4, and the main parameters
are presented in Table 1, comparing the four different
QD sizes (2.5, 3.4, 4, and 5.5 nm). The current—voltage
(I—V) characteristics in Figure 4a show for all sizes an
open circuit voltage, Voc of ~550 mV, while the short-
circuit current, Js, varies slightly between 2 and 3 mA/
cm?, The extracted overall efficiencies under AM1.5 1
sun illumination conditions range between 0.3% and
0.4%. Notably, the 3.4, 4, and 5.5 nm electrodes all show
similar efficiencies of ~0.4%. This is a remarkable re-
sult in light of earlier work studying the electron trans-
fer in linker-based QDSSC electrodes, which showed ex-
ponential decrease of the transfer rate with increasing
size varying by 3 orders of magnitude between 2.4 nm
CdSe QDs to 7.5 nm QDs.2® This was correlated with the
downward shift of the CdSe 1S. conduction level with
increasing QD size which reduces significantly the ener-
getic driving force for the charge transfer to the TiO,.
In contrast, for our EPD prepared QDSSC, the incident
photon to electron conversion efficiencies for the four
sizes presented in Figure 4b, shows similar behavior for
all sizes, with the onset increasing to longer wave-
lengths for the larger sizes, in correspondence with
their smaller band gap energies. To examine more care-
fully the size dependence (or in fact its absence in this
case), we calculated the APCE (absorbed photon to
electron conversion efficiency) by dividing the %IPCE
by the absorbance spectrum (Figure 4c). This takes out
the effect of varying optical densities of the different
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electrodes. Clearly, the values do not show a system-
atic size-dependence, and are 30—40% for all the elec-
trodes, within the experimental variations (Supporting
Information, Figure S9). Moreover, the larger QDs do
not show decreased APCE or efficiency values.

For further improvement of the cell performance
we applied to all the electrodes a postdeposition treat-
ment of coating by a thin layer of ZnS as previously re-
ported. Briefly, electrodes were dipped for two cycles of
1 minin 0.1 M aqueous solutions of zinc acetate and so-
dium sulfide.>'®>* The coating with ZnS can improve
the passivation of the QDs, reducing undesired surface
trapping processes, and may also assist through coating
of the electrode. Figure 5 and Table 2 show the photo-
voltaic characteristics of the electrodes after the ZnS
treatment. The performance dramatically increased for
all the electrodes, with maximal enhancement achieved
in this set for the 4 nm QD electrode (see inset for com-
parisons of the curves before and after ZnS treatment).
Jsc increased by a factor of 3.5 to 9 mA/cm?, and the fill
factor increased from 26% to 35%. Overall, the effi-
ciency of this cell increased from 0.4% to 1.7% after
the ZnS treatment; to our best knowledge a record
value for ex situ prepared QDSSCs with CdSe
nanocrystals.

The IPCE measurements also show significant im-
provements after the ZnS treatment, for all the elec-
trodes. The 4 nm cell has maximal IPCE of 70% at 400
nm and 50% at the excitonic peak (624 nm). The APCE
values increase as well, up to 80% and even higher for
the 4 nm electrode indicating that most of the QDs in-
deed contribute to the total photocurrent, and that
most absorbed photons lead to charge injection.

The superior performance of the QDSSCs prepared
by our EPD approach is demonstrated also by studying

TABLE 1. Summary of /—V Photovoltaic Characteristic of
QDs on TiO,

sample Vo (mV) Jo (mA/cm?) FF (%) efficiency (%)
2.5 nm neg 554 2.0 23 0.3
3.4 nm pos 524 23 35 0.4
4.0 nm neg 554 2.7 26 0.4
5.5 nm neg 524 3.0 27 0.4
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Figure 5. (a) Current—voltage characteristics of illuminated solar cells of different sizes of QDs after ZnS treatment on TiO,, illuminated
at intensity of 1 sun AM 1.5: (black) 2.5, (red) 3.4, (green) 4, and (blue) 5.5 nm. Inset, 4 nm QDs before ZnS treatment (orange) and
after ZnS treatment (green). (b) Incident photon to charge efficiency (IPCE) of different sizes of QDs on TiO, electrodes; inset, 4 nm
QDs before ZnS treatment (orange) and after ZnS treatment (green). (c) Absorbed photon to charge efficiency (APCE) of different sizes

of QDs on TiO, electrodes.

the dependence of the photocurrent on illumination in-
tensity and on recurring dark-light exposures. Figure 6
presents Jsc as a function of the illumination intensity for
the 3.4 nm QDSSC starting from the highest light intensity
which was decreased stepwise using neutral density fil-
ters. A linear behavior over the entire intensity range is
observed indicating stable performance even at higher in-
tensities measured, up to 1 sun. Moreover, immediate
and stable photocurrent response following light-on is
seen (Supporting Information, Figure S13). In contrast,
similar measurements on QDSSCs prepared by the SILAR
and linker approaches have shown sublinear dependence
of the photocurrent on the illumination intensity, and un-
der illumination intensities higher than 0.5 sun the imme-
diate photocurrent decreased until saturation.®'*>* The
same problems were actually also observed for in situ
QDSSCs but remarkably, our EPD prepared QDSSCs show
stable performance indicative of efficient charge injec-
tion. This, accompanied by the lack of clear size depen-
dence, implies a good coupling for the EPD deposited
QDs with the Ti0,.>®

rous TiO, layer. Therefore, the EPD approach provides
a facile and reproducible route for QDSSC preparation.
The EPD prepared QDSSCs were then subjected to the
ZnS surface treatment, yielding cells with exceptional
photovoltaic performance, en-par with values obtained
for well established in situ prepared QDSSC cells. The
highest efficiency was observed so far for 4 nm QDSSC,
reaching levels of 1.7% at 1 sun and showing stable lin-
ear performance under varying light intensities. More-
over, we do not observe a significant dependence on
QD size, for diameters up to 5.5 nm, unlike linker-based
electrodes which showed an exponential decrease of
the electron injection rate for increased QD sizes. The
EPD approach for QDSSC fabrication can be easily ap-
plied to high quality ex situ grown quantum dots of di-
verse materials, as demonstrated here for larger quan-
tum rods, which will be further examined as sensitizers.
We thus envision its importance in assisting to bench-
mark and continue improvements of the performance
of QDs sensitized solar cell devices.

Summarizing, ex situ QDSSC fabrication employing & gg
electrophoretic deposition of QDs and QRs was devel- g 3'0
oped. After only 2 h of deposition, good electrode cov- E 2'5
erage was achieved, with close to uniform deposition of %‘ 2'0
the CdSe QDs and QRs throughout the entire mesopo- 5 1'5
< 1
5 10
TABLE 2. Summary of /—V Photovoltaic Properties of QDs g 05
on TiO,, after ZnS Treatment O O. 0
smple  Vu(mh)  mWaw) 00 effdeng () 00 02 04 06 08 10
2.5 nm neg 524 24 3 04 Sun units
3.4 nm pos 554 56 3] 1.0 Figure 6. Current density as a function of light intensity in
40nmneg 554 9.0 35 17 sun units for different illumination intensities using ND fil-
5.5 nm neg 544 74 3 13 ters: (i) 1, (ii) 0.87, (iii) 0.70, (iv) 0.50, (v) 0.40, (vi) 0.30, (vii)

METHODS AND MATERIALS

CdSe QDs Synthesis. CdSe QDs of different diameters were pre-
pared by known literature procedures. In a typical reaction, 4 g
of trioctylphosphine oxide (TOPO) (technical, Sigma) was
weighed into a 25 mL three-neck flask attached to a shlenk line

A“t%\&) VOL. 4 = NO.10 = SALANT ET AL.

0.20, and (viii) 0.05 sun on a 3.4 nm QDs on TiO, electrode.

with Ar flow. A 0.8 g portion of selenium (Sigma) was dissolved
in 8 mL of tributylphosphine (TBP) (Aldrich), and this mixture was
further mixed with 2 g of Cd(Me), (Strem). A 2.5 mL aliquot of
the Cd/Se/TBP solution was mixed with 6 g of TBP and injected
into the flask at 360 °C. After the nucleation, the temperature was
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reduced to 270 °C for the growth stage. The growth was moni-
tored by measuring the absorbance spectrum of aliquots ex-
tracted from the reaction solution. For the larger diameter cores,
0.2 mL of the Cd/Se/TBP precursor solutions was added. The syn-
thesis was stopped after reaching the wanted size by cooling
the solution to room temperature. For the EPD the QDs were
separated from excess TOPO/TBP by dissolving the QDs in tolu-
ene and precipitating with methanol three times using centrifu-
gation at 6000 rpm.

Ti0, Electrode Preparation. Mesoporous TiO, films were pre-
pared by electrophoretic deposition (EPD) of Degussa P25 par-
ticles with an average diameter of 25 nm onto fluorine-doped tin
oxide (FTO) covered glass substrates (Pilkington TEC 8) with 8
? sheet resistance. Films were deposited in four consecutive
cycles for 30 s at a constant current density of 0.4 mA/cm?, and
dried at 120 °C for 5 min in between the cycles. Following the
EPD process all the electrodes were dried in air at 150 °C for 30
min, pressed under 800 kg/cm? using a hydraulic press, and sin-
tered at 550 °C for 1 h.

Electrophoretic Deposition of the QDs on the Ti0, Electrodes. QDs were
redispersed in toluene (tech.), with typical concentrations of 1077
M. Two TiO, FTO electrodes were immersed in the QDs solu-
tion, and a voltage of 0.2 kV was applied for 2 h. To wash off un-
bound QDs after the EPD process, the electrodes were rinsed
several times with toluene.

Absorbance of Solution and Electrodes. The QDs were dissolved in
toluene in different optical densities, as seen in Supporting Infor-
mation, Figure S1, and absorbance spectra were measured us-
ing a Jasco UV —vis spectrophotometer. The QDs-TiO, electrodes
were measured using a Varian spectrophotometer equipped
with an integrating sphere.

Lamella Fabrication. Lamella cross section of the TiO,-CdSe elec-
trode was done using a Helios 600, dual beam SEM and FIB in-
strument. The electrode was cut out of and connected to a cor-
ner of a TEM grid for HRTEM analysis. The thickness of the lamella
was ~50 nm.

SEM Analysis. SEM-EDS analysis was performed using an FEI Sir-
ion high resolution SEM system operated at 10— 15 kV accelerat-
ing voltage. Measurements were taken at equal spacing from
the FTO glass surface along a freshly cleaved cross-section of the
TiO,. The samples were coated with a thin layer of Au and Pd
by sputtering in order overcome charging effects. We have fol-
lowed the peaks of Cd—L and Ti—K spectrum in order to find the
ratio between Cd and Ti at these locations.

HRTEM Analysis. TEM imaging and line scan analysis of the
lamella was performed using high resolution transmission elec-
tron microscope, Jeol JEM-2100, operated at 200 kV accelerating
voltage.

Electron Flight Simulation. Monte Carlo modeling for the analy-
sis of the resolution of the EDS cross section analysis was car-
ried out using an electron flight simulator, version 3.1-E. (For
HRSEM 10—15 kV was set with 50% porosity of TiO,, with an
Au—Pd thin film of 8 nm, for HRTEM analysis 200 kV was set,
with 50% porosity of TiO, with 50 nm thickness).

BET Measurement. BET measurement was carried out using
Micromeritics ASAP 2020 Surface Area and Porosity with Ana-
lyzer Software V3.00. A 1 g portion of P-25 TiO, was prepared as
described above and loaded to the BET instrument for
measurement.

I—VIPCE Measurement. Photocurrent—voltage characteristics
were performed with an Eco-Chemie potentiostat using a scan
rate of 10 mV/s. A 250 W xenon arc lamp (Oriel) calibrated to 100
mW/cm? (AM 1.5 spectrum) served as a light source. The illumi-
nated area of the cell was set to 0.64 cm? using an aperture. 1 M
Na,S, 0.1 M sulfur, and 0.1 M KOH (all from Sigma) solution served
as the electrolyte. A sputtered Pt-coated FTO glass was used as
a counter-electrode. Measuring photocurrent versus time and il-
lumination was made by manual shuttering and exchanging the
filters.
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