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ABSTRACT: Successive ionic layer adsorption and reaction (SILAR) ' ' ' ' '
technique has been commonly adopted to fabricate quantum-dot-sensitized
solar cells (QDSSCs) in the literature. However, pore blocking and poor
distribution of quantum dots (QDs) in TiO, matrices were always
encountered. Herein, we report an efficient method, termed as potential-
induced ionic layer adsorption and reaction (PILAR), for in situ
synthesizing and assembling CdSe QDs into mesoporous TiO, films. In
the ion adsorption stage of this process, a negative bias was applied on the
TiO, film to induce the adsorption of precursor ions. The experimental
results show that this bias greatly enhanced the ion adsorption,
accumulating a large amount of cadmium ions on the film surface for the o oa 02 03 oz 05
following reaction with selenide precursors. Furthermore, this bias also Voltage (V)

drove cations deep into the bottom region of a TiO, film. These effects not

only resulted in a higher deposited amount of CdSe, but also a more uniform distribution of the QDs along the TiO, film. By
using the PILAR process, as well as the SILAR process to replenish the incorporated CdSe, an energy conversion efficiency of
4.30% can be achieved by the CdSe-sensitized solar cell. This performance is much higher than that of a cell prepared by the
traditional SILAR process.

KEYWORDS: potential-induced assembly, cadmium selenide, quantum-dot-sensitized solar cell, QD distribution,
successive ionic layer adsorption and reaction
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1. INTRODUCTION Despite the specific advantages of inorganic QDs over
molecular dyes, the development of QDSSCs progresses much
slower in comparison with that of DSSCs. To date, the state-of-
the-art power conversion efficiencies of QDSSCs, ca. 6—
7%,”>7** still lag considerably behind those of DSSCs. The
problems encountered in the fabrication of QDSSCs are not
only in the development of panchromatic QD sensitizers for
expanding the light-harvesting range, but also in the develop-
ment of suitable electrolytes and counter electrodes for
facilitating long-term photostability. Furthermore, assembling
respectively. QDs into mesoporous TiO, matrices is another key that might

In addition to the molecular sensitizers commonly used for determine the photovoltaic performance of QDSSCs dramat-

DSSCs, small band gap semiconductors, such as Cds,t8 ically.
CdSe, ! PbS, > and CulnS,'5~"7 have been employed as Two common methods, chemical bath deposition (CBD)
) ) )

and successive ionic layer adsorption and reaction (SILAR),
have been adopted to assemble QDs into mesoporous TiO,
films in many studies reported so far.’**® CBD synthesizes
colloidal QDs first and then connects the QDs to the TiO,

Dye-sensitized solar cells (DSSCs)' ™ have attracted increasing
interest and are considered to be a potential alternative to
silicon-based photovoltaic devices. DSSCs are operated based
on photosensitization of mesoporous TiO, films using organic
sensitizers, and therefore, the performance of DSSCs are
intimately controlled by the sensitizer anchored on the TiO,
surface. Recently, by utilizing a ruthenium complex and zinc
porphyrin-based dye as the photoactive sensitizers, energy
conversion efficiencies of 11.7* and 13.0%> have been achieved,

light harvesters for DSSCs. The advantages of the inorganic
semiconductors over dyes include a higher extinction
coefficient and greater stability. When the sizes of semi-
conductors are decreased to the quantum-dot level, these cells

are termed as quantum-dot-sensitized solar cells (QDSSCs).'® surface through a bifunctional linker molecule.””** SILAR,
Owing to the impact ionization caused by the quantum probably the most conventional method, has been employed to
confinement effect, it is possible for quantum dots (QDs) to in situ synthesize and assemble QDs directly inside TiO,
generate multiple charge carriers with a single photon

excitation.'”*® Consequently, the theoretical power conversion Received: August 14, 2014

efficiency of QDSSCs is much higher than that obtained by Accepted: October 21, 2014

DSSCs.! Published: October 21, 2014
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matrices.””*° In the SILAR process, one kind of precursor ion is
first adsorbed on the TiO, surface and then reacts with other
precursor ions to form/deposit QD sensitizers. Because the
ionic adsorption is performed spontaneously through inter-
action between the TiO, surface and precursor ions (e.g,, Cd**
for CdSe), only a small number of ions is adsorbed within one
SILAR cycle. Therefore, repeated adsorption—reaction cycles
are required to enhance the number of QD sensitizers on the
TiO, surface. However, this spontaneous process is performed
easily in the outer section of TiO, films, but fewer ions can
diffuse into the interior of the porous matrix. After conducting
several SILAR cycles, the inhomogeneous QD deposition
throughout the entire TiO, film will lead to a porous blocking
by overloaded QDs in the outer region and a deficient QD
loading on the inner TiO, surface. The blocking of mesopores
not only hinders further inner QD deposition but also inhibits
the electrolyte penetration into the interior of TiO, multilayers,
which is anticipated to limit the photovoltaic performance of
QDSSCs.

It is difficult to fabricate a TiO, film with uniform QD
distribution throughout the whole porous matrix by only
utilizing the conventional SILAR method. In the literature,
various methods have been reported to modify the SILAR
process either to improve the penetration of precursor ions into
the mesoporous structure®" or to induce the growth of QDs on
the TiO, surface.®* These studies demonstrate that the
photovoltaic performance of a QDSSC is intimately related
to the coverage and the distribution of QD sensitizers, which
are tightly controlled by the QD assembling process.

Application of electrochemistry has been adopted to fabricate
QD-sensitized photoelectrodes in some published works.>*~
In this study, we propose a new process, potential-induced ionic
layer adsorption and reaction (denoted as PILAR), for efficient
deposition of CdSe QD sensitizers in mesoporous TiO, films.
In the cationic precursor solution, a negative bias was applied
on TiO, films to form an electric field, thus driving the cations
to diffuse/penetrate into the inner surface of TiO, matrices.
Because of the electrochemical assistance, a great number of
cations could be adsorbed and accumulated over the entire
TiO, films, which not only enhances the amount of QD
deposition but also leads to a more uniform distribution of QDs
throughout the whole photoelectrode.

2. EXPERIMENTAL SECTION

2.1. Materials. Two kinds of commercial TiO, pastes (PST18NR
and PST400C) were purchased from CCIC (Catalysts & Chemicals
Industries Co. Ltd, Japan). Cadmium nitrate tetrahydrate (Cd-
(NO,),-4H,0, 99%) was obtained from Sigma-Aldrich. Selenium
powder (Se, 200 mesh, 99.999%) was purchased from Alfa Aesar.
Sodium sulfide nonahydrate (Na,S-9H,0, 98+%) was purchased from
Acros Organics. Zinc acetate dehydrate (Zn(CH;COO0),-2H,0, 99+
%) and sulfur powder (S, 99.5+%) were purchased from Riedel-de
Haén. Ethanol (99.9%) was obtained from J. T. Baker. All chemicals
were used directly as received without further purification.

2.2. Preparation of TiO, Thin Film. Fluorine-doped tin oxide
coated glass (FTO, TEC 7, 3 mm thick, 10 Q sq™') was used as the
substrates in this study. A compact layer post-treatment was carried
out by immersing the FTO substrate in a 40 mM aqueous TiCl,
solution at 70 °C for 30 min and then rinsing it with deionized (DI)
water and ethanol. TiO, nanoparticulate electrodes were prepared by
successively screen printing an 8.0 + 0.5 ym thick transparent layer
(PST18NR) and a 4.0 + 0.5 um thick light-scattering layer
(PST400C) over FTO substrates. To avoid the light scattering effect,
we used electrodes for the measurements of UV—vis absorption
spectra, X-ray diffraction spectra (XRD), and energy-dispersive X-ray

spectrometer (EDS) that were composed of only transparent layers.
All the screen printed films were then subjected to a programmed
sintering process in air atmosphere: 150 °C for 10 min, 325 °C for §
min, 450 °C for 5§ min, and 500 °C for 30 min.

2.3. Potential-Induced lonic Layer Adsorption and Reaction
(PILAR). For the PILAR process proposed in this work, the adsorption
of cadmium ion (Cd**) was performed under an applied bias. In an
electrochemical cell containing 0.1 M Cd(NO;), ethanol electrolyte, a
mesoporous TiO, electrode and a platinum foil were employed,
respectively, as the working and counter electrodes. For each TiO,
electrode, an electrochemical treatment with S successively negative/
positive bias steps (e.g, —2.0, +2.0, —2.0, +2.0, and —2.0 V; 60 s for
each step) was applied by a CH Instruments potentiostat (CHI627D,
Austin, TX) so that the electric field between two electrodes could
facilitate the penetration or relaxation of Cd** in TiO, nanoparticulate
matrices. A negative bias (e.g, —2.0 V) could induce Cd** diffusing
into the interior of mesopores and accumulating on the inner TiO,
surface. To avoid the multilayer accumulation, however, a positive bias
(e.g, +2.0 V) was also applied to relax the adsorbed ions, leading to a
more uniform distribution throughout the entire electrode. After the
electrochemical process, the treated electrode was rinsed with ethanol,
dried by an air gun, and immersed into the ethanol/water solution 3/
7 by volume) containing 0.03 M Na,SeSO; at 50 °C for 5—35 min.
The Na,SeSO; solution was prepared according to our previous
report.’” The CdSe-sensitized TiO, photoelectrodes prepared by the
PILAR process are denoted as TiO,/P-CdSe for the following
paragraphs.

2.4. SILAR for CdSe QD Sensitization and ZnS Layers.
Conventional SILAR process is also utilized to deposit CdSe QDs for
comparison with that by the PILAR method. In brief, a complete
SILAR cycle consisted of immersing the electrode successively in two
different solutions: one containing 0.05 M Cd(NO;), in ethanol at
room temperature as the cation precursor and the other containing
0.03 M Na,SeSO; in the ethanol/DI water solution (3/7 by volume)
at 50 °C as the anion precursor. The dipping time in the cation/anion
precursor is 5/15 min for the pristine TiO, films but 1/1 min for the
PILAR treated electrodes. Following each immersion, rinsing and
drying was undertaken using ethanol and an air gun, respectively. After
the QD sensitization, all electrodes fabricated in this study were coated
with ZnS passivation layers by twice dipping alternately into 0.1 M
Zn(CH;COO0), and 0.1 M Na,S aqueous solutions for 1 min/dip; the
electrodes were rinsed with DI water between dips.

2.5. Device Fabrication. CuS-coated FTO substrates, prepared by
the successive ionic solution coating and reaction deposition described
in a previous work,®® were used as the counter electrodes to assemble
CdSe-sensitized solar cells. The composition of the polysulfide
electrolyte solution was 1.0 M Na,S, 1.0 M S, and 0.1 M NaOH in
DI water. The solar cells were constructed by assembling the CuS
counter electrode and CdSe-sensitized electrode with a binder clip
separated by a sealing spacer (60 ym thickness, Metlonix 1170—60,
Solaronix SA). Then, a polysulfide electrolyte was injected into the cell
through the drilled holes on the counter electrode. The active area of
the solar cell device analyzed in this study was 0.16 cm? In this study,
at least two cells were prepared at each condition to verify the
reproducibility of cell performance.

2.6. Characterization. UV—vis absorption spectra were recorded
with a UV—vis spectrometer constructed by GBC Scientific Equip-
ment (Cintra 10e, Australia). The photovoltaic performance (J—V
curves) of the QDSSCs was evaluated using a digital source meter
(6240A, computer-controlled, ADCMT, Japan) with the QDSSC
device under standard one sun irradiation (AM 1.5G, 100 mW cm™2)
from a solar simulator (XES-301S, class AAA, SAN-EI, Japan)
calibrated with a standard silicon reference cell (VS0831, IVT Solar
Pte Ltd,, Singapore). The incident photon to current efficiency (IPCE)
curve was measured by the DC mode method, using an IPCE analyzer
(QE-R3011, Enlitech, Taiwan). Electrochemical impedance spectros-
copy (EIS) measurements were carried out with the use of a frequency
response analyzer (FRA)-equipped potentiostat (PGSTAT30, Auto-
lab) under dark conditions at different forward biases, applying a 10
mV AC sinusoidal signal over the constant applied bias with the
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frequency ranging between 100 kHz and 0.01 Hz. Scanning electron
microscopic (SEM) images were obtained from the SU8010
(HITACHI, Japan) equipped with an EDS. X-ray photoelectron
spectrum were accumulated on an X-ray photoelectron spectroscope
(XPS, PHI 5000 VersaProbe, Japan) with Al Ka radiation, and the
binding energy was calibrated against the carbon 1s peak set at 284.8
eV. The crystal structures of CdSe QD-sensitized TiO, films were
characterized by a multipurpose XRD system (Ultima IV, Rigaku,
Japan) with Cu Ka radiation excited at 40 kV and 40 mA.

3. RESULTS AND DISCUSSION

To evaluate the effect of an applied potential on the adsorption
of cadmium ions (Cd*"), we analyzed the TiO, films by X-ray
photoelectron spectroscopy (XPS) after executing the ionic
adsorption. The results, as shown in Figure 1, demonstrate that

M T v T M T v T M T M T v T M T
ca* adsorption on TiO, surface
[—- — By the PILAR method
| — By spontaneous diffusion Cd£3d5/z)
-~ S
2 i
ETr Cd_(\?’ds/z) [ \ 7
£ ! i
7] ;|\ . .
= F | \
& \
- / | \ -
= /
= / \ .
o ‘\ / \
hom e~ s .~ S
a1 P 1 " 1 2 1 2 1 " 1 2 —

418 416 414 412 410 408 406 404 402
Binding Energy (eV)

Figure 1. XPS spectra of Cd**-adsorbed TiO, films prepared by
spontaneous diffusion and the PILAR method with +2.0 V.

the Cd(3d) peaks, from the film prepared by spontaneous
diffusion/adsorption, show slight intensities, indicating that
only a small amount of Cd** was adsorbed. However, based on
the higher intensities of Cd(3d) peaks, an obvious increase in
the Cd*" could be detected from the film prepared by the
PILAR method with +2.0 V, which suggests that an applied
bias would provide assistance for the adsorption of Cd**.
Besides, the XPS peaks, shown at the identical binding energies
for the two films, imply that the applied bias (e.g,, + 2.0 V) for
ionic adsorption did not alter the chemical state of the adsorbed
Cd*". Because no plating of cadmium metal was observed, it is
inferred that the electrochemical potential utilized in the PILAR
method was deemed to facilitate the Cd** diffusing/trans-
porting in the mesoporous structure, further adsorbing on the
TiO, surface. Yet, a larger potential would lead to a different
situation. As the applied bias increased (e.g, + 3.0 V), the
binding energy of Cd(3d) peaks shifted, and a significant
deposition could be observed on the TiO, film (possibly the
cadmium metal), which suggests that a reduced reaction of
cadmium ions might occur owing to the higher electrochemical
potential (Figures S1 and S2, Supporting Information). After
Cd** adsorption, the TiO, films were immersed into anion
precursors at SO °C (ie, SeSO;*7) to generate CdSe QD
sensitizers in the TiO, matrices. As exhibited in Figure S3
(Supporting Information), the color of the PILAR treated CdSe
film was obviously lighter for the one prepared by +1.0 V than
the one prepared by +2.0 V, implying a smaller amount of
deposited CdSe QDs. This result also suggests that a higher
electrochemical potential is required to facilitate the Cd**
accumulation over the entire TiO, film (not exceeding +2.0
V). On the basis of the analyses mentioned above, we therefore
performed the following PILAR experiments with only +2.0 V.

Figure 2 demonstrates the UV—vis absorption spectra of
PILAR treated TiO, films with different anionic reaction times.

TiO,/P-CdSe

Se” Reaction Time

S min

Absorbance (a.u.)

Pristine TiO, film
1 . 1

400 450 500 550 600 650 700
Wavelength (nm)

Figure 2. UV—vis absorption spectra of PILAR treated TiO, films with
various anionic reaction times. (Inset) Photograph of the correspond-
ing CdSe QD-sensitized photoelectrodes.

Compared with the pristine TiO, film, the formation of CdSe
QDs and their growth behavior could be clearly observed. The
absorbance and curve onset edge were enhanced and extended
with the increase in reaction time, suggesting an improved
deposition of CdSe QDs and a larger particulate size. The inset
of Figure 2 displays the color change of different TiO, films,
from light brown to dark brown, as the anion reaction
performed longer. In addition, it shows that the absorbance and
the color change of TiO, electrodes vary sharply in the early
reaction period but become slow after immersion for 15 min.
This indicates that most Cd** adsorbed on TiO, surface reacted
with anion precursors in 15 min, and the remaining Cd** might
transform completely through longer anion reaction. The above
TiO, films were further deposited with two ZnS layers by the
SILAR technique and then were introduced to assemble
QDSSCs. Table 1 summarizes the photovoltaic characteristics

Table 1. Photovoltaic Characteristics for PILAR-Treated
CdSe QDSSCs with Various Anionic Reaction Times

Se’™ reaction time Joc (mA cm™2) V,. (mV) FF n (%)
S min 10.50 534 0.49 2.75
10 min 12.33 523 0.47 3.05
15 min 13.52 528 0.47 3.37
25 min 13.64 521 0.48 3.42
35S min 13.03 513 0.51 3.39

of QDSSCs prepared by the corresponding PILAR-treated
TiO, films. An energy conversion efficiency (17) of 2.75% was
achieved for the QDSSC assembled by the film reacting for S
min, which explains that the PILAR method could effectively
facilitate the adsorption of Cd*" in TiO, films. Furthermore, the
short-circuit photocurrent densities (J,.) and the conversion
efficiencies were enhanced with the increase in the anionic
reaction time up to 25 min, attributed to the improved light
harvesting properties measured from UV—vis spectra men-
tioned above. For the CdSe QDSSC prepared by the PILAR
method and 25 min anion reaction, a conversion efficiency of
3.42% could be obtained. There was no obvious enhancement
in photovoltaic performance for an anion reaction longer than
25 min, possibly due to the depletion of adsorbed Cd** and the
desorption of QDs from the TiO, surface.
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For comparison with the CdSe-sensitized electrode prepared
by the PILAR method, the conventional SILAR technique was
also employed to synthesize CdSe QDs in a TiO, nano-
particulate structure. Figure 3 shows the effect of various SILAR

TiO:/P-C(ISe (25 min Se” reaction)
’;‘ TiO,/CdSe(n)
é SILAR Cycles
P —— CdSe(7)
2 ——CdSe(5)
g ——— CdSe(3)
5 —— CdSe(1)
v
=
<«
PristingTiO film
N 1 P 1 1 1 N
400 450 500 550 600 650 700

Wavelength (nm)

Figure 3. UV—vis absorption spectra of TiO, films sensitized by
various conventional CdSe SILAR cycles (n). The spectrum of a
PILAR-modified film is also plotted for comparison.

cycles on the UV—vis light absorption of CdSe-sensitized films.
Apparently, more SILAR cycles would lead to greater
absorption intensity and a broader light harvesting region.
This means that not only was the number of CdSe QD
sensitizers enhanced, but also the effective band gap of the
deposited QD was narrowed by increasing SILAR cycles.
Moreover, the spectrum of CdSe(1) is very close to that of the
pristine TiO, film, which demonstrates that only a small
amount of Cd** could be adsorbed on the TiO, surface by
spontaneous diftusion/adsorption. However, as the SILAR
cycle was increased, ions were adsorbed on the QDs anchored
on the TiO,, thus accelerating further QD deposition. In
addition, it is noteworthy that the absorbance of CdSe(7) is still
lower than that prepared by the PILAR method (25 min anion
reaction). The photovoltaic characteristics of CdSe QDSSCs
fabricated by the conventional SILAR process are summarized
in Table 2. The conversion efficiency for CdSe(1) was only

Table 2. Photovoltaic Characteristics for CdSe QDSSCs
Prepared by Various Common SILAR Cycles (n)

SILAR cycle (n) Joc (mA cm™) V,. (mV) FF n (%)
CdSe(1) 1.53 362 0.40 0.22
CdSe(3) 6.81 473 047 1.53
CdSe(5) 8.53 495 0.45 191
CdSe(7) 10.03 519 0.49 2.53
CdSe(8) 9.24 525 0.51 248

0.3%, but significant enhancements in ], values, open-circuit
photovoltage (V,.), fill factor (FF), and conversion efficiencies
() could be measured with the increasing SILAR cycles up to
7, which is in agreement with the UV—vis absorption results.
The enhanced FF and V. values also imply a suppressed charge
recombination due to the higher coverage of QDs on the TiO,
surface. As the SILAR cycle was higher than 7, the J;. value and
the efficiency decreased dramatically, possibly ascribed to the
blocking of outer mesopores by the overloaded QDs. The best
conversion efficiency achieved for the CdSe cell prepared by
the common SILAR process is 2.53%, which is much lower
than that of the PILAR treated device described above (3.42%).

19381

In Figure 3, the light absorption of P-CdSe is slightly greater
than that of the CdSe(7), which must be one of the causes for
the superior photocurrent of the PILAR treated device.
However, we believe that there is another reason leading to
these results: the coverage or distribution of CdSe QDs in TiO,
films

To further investigate the influence of the two methods on
the cell performance mentioned above, an EDS incorporated in
the SEM was utilized to determine the elemental composition
of CdSe-sensitized films. At least five positions were measured
for each specific depth, and the mean values of the Cd to Ti
atomic ratio (Cd/Ti) were calculated, as exhibited in Figure 4.

.
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Figure 4. Cross-sectional SEM images and EDS depth profiles of Cd/
Ti ratio in the CdSe-sensitized film prepared by (a) the conventional
SILAR process with CdSe(7) and (b) the PILAR technique with 2$

min anion reaction.

It shows that the Cd/Ti ratios were particularly higher at the
outer region of CdSe-sensitized films but decreased gradually
with increasing depth, indicating an inhomogeneous QD
deposition throughout the entire TiO, film. This situation is
nearly impossible to avoid, especially for in situ QD growth/
assembling techniques adopted in this study. However,
compared with the film prepared by the SILAR process in
Figure 4a, the Cd/Ti ratios measured at inner positions of the
TiO, film, (positions 3 and 4) were significantly greater by ca.
2.8 times for that using the PILAR method in Figure 4b.
Therefore, based on the above results, it is confirmed that only
a small number of ions could diffuse/penetrate spontaneously
into the interior of TiO, matrices, but a large amount of QD

dx.doi.org/10.1021/am5054916 | ACS Appl. Mater. Interfaces 2014, 6, 19378—19384
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deposition could accumulate at the outer mesopores. On the
contrary, by introducing a driving force from the applied bias
(i.e,, PILAR), cations could be more favorable to adsorption on
the inner TiO, surface, thus creating a more uniform
distribution and a higher surface coverage of QD sensitizer
for TiO, films. In addition, the X-ray diffraction spectra (XRD)
were measured to identify the CdSe QDs prepared by the two
methods. As shown in Figure S4 (Supporting Information), the
three spectra (from FTO/TiO,/P-CdSe, FTO/TiO,/CdSe(7),
and FTO/TiO,) were very similar, and the observed peaks
were mainly attributed to the TiO, or FTO substrate. However,
a weak peak corresponding to the CdSe (20 = 42.9°) could be
identified in the spectra of TiO,/P-CdSe and TiO,/CdSe(7)
films. Therefore, the XRD results confirmed the formation of
CdSe QDs in the TiO, mesoporous structure.

To unveil the charge transfer behaviors, we characterized the
QDSSCs of 25 min and CdSe(7) (Tables 1 and 2, respectively)
by electrochemical impedance spectroscopy (EIS) with an
equivalent circuit model reported in the literature.”® The
calculation of Vi was applied to relax the volta§e drop effect
according to the study from the Bisquert group.”” The charge
recombination resistance (R,.) at the photoelectrode/electro-
Iyte interface, and the electron lifetime as a function of Vy are
plotted in Figure 5, panels a and b, respectively. Apparently, a

)
~E1o3 L @ 9 4
E \°§
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= 10’ 3 o
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10 T T T T i

v T
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Figure S. Impedance characterization of QDSSCs prepared by
different techniques: (a) charge recombination resistance and (b)
electron lifetime as a function of V.

larger R, and longer electron time could be obtained in the
PILAR treated QDSSC, meaning a suppressed charge
recombination at the electrode/electrolyte interface. These
results not only were attributed to the improved surface
coverage and more uniform distribution of CdSe QDs, but also
were in good agreement with the superior photovoltaic
performance of the cell device.

On the basis of the results exhibited above, we could
conclude that, compared with the conventional SILAR process,
the PILAR method proposed in this study for CdSe QD
deposition is beneficial in assembling highly efficient QDSSCs
due to its simplicity, time-saving properties, and enhanced QD
loading with superior distribution. A schematic diagram was
drawn to illustrate the distribution of QDs in TiO, films, as

shown in Figure 6. For the electrode prepared by the common
SILAR process, because of the slight QD deposition in the

SILAR PILAR

Figure 6. Schematic diagram of the CdSe-sensitized photoelectrode
prepared by utilizing different QD assembling techniques.

interior of the nanoparticulate structure, the coverage of QDs
on the TiO, surface is usually incomplete. The naked TiO,
surface would become the position where the interfacial
recombination happens, lowering the electron lifetime as well
as the conversion efficiency of the device. On the other hand,
the electrode sensitized QDs by the PILAR method reveal
abundant QD deposition with an improved distribution/
coverage at the inner region of TiO, films. Consequently, the
excited photoelectron has much less opportunity to recombine
with polysulfide electrolytes, and thus, better photovoltaic
performance could be obtained.

To further improve the conversion efficiency, we adopted a
strategy of combining the PILAR and SILAR processes to
prepare CdSe-sensitized films. Briefly, the pristine TiO, film
first carried out the PILAR method incorporating a 25 min
anion reaction, and then, the conventional SILAR process was
employed for further QD deposition. Because a significant
amount of QDs had been already deposited by the PILAR
process, a short dipping time (1/1 min in cation/anion
precursor) was employed in the SILAR process to achieve a low
QD deposition rate, avoiding the blocking of mesopores. Figure
7a demonstrates the effect of additional SILAR cycles on the
UV—vis absorption spectra of PILAR modified films. As the
SILAR cycle increased, the light absorption was clearly
enhanced, and the curve onsets were extended to a longer
wavelength region, as well. This indicates that after conducting
the PILAR method, there was still room for the formation and
growth of QD sensitizers in TiO, films. The J—V characteristics
of QDSSCs employing PILAR and SILAR processes are
presented in Figure 7b, and the corresponding photovoltaic
parameters are summarized in Table 3. Increasing SILAR cycles
could lead to an enhanced ], value and improve conversion
efficiency (<10 cycles), which matches well with the tendency
of light absorption in Figure 7a for an enhanced QD deposition.
However, when performing the SILAR process for more than
10 cycles, like the device P-CdSe/CdSe(12) shown in Table 3,
the cell performance decreased even though a higher amount of
QDs was deposited, which could be ascribed to the
mesoporous blocking by overloaded QDs. The present results
demonstrated that by introducing the additional QD loading of
10 SILAR cycles, the energy conversion efficiency could be
boosted further from 3.42 to 4.30%. As shown in the inset in
Figure 7b, the incident photon to current efficiency spectrum

dx.doi.org/10.1021/am5054916 | ACS Appl. Mater. Interfaces 2014, 6, 19378—19384



ACS Applied Materials & Interfaces

Research Article

a) Ti():/l’-(‘dS?/('dSe(.n) 'h) TiO /P-CdSe/CdSe(n)
SILAR Cycles ~ 16 -
——— CdSe(10) i SILAR Cycles
- ——CdSe(8) = —o—(dSe(10) ]
= CdSe(6) - ——— CdSe(8)
< —— CdSe(4) = 12 CdSe(6)
bt - 80 e
g / = e CdSe(4)
= o— & LY
= e oy 7] 8 _ASO / \ ]
= Ti0_/P-CdSe £ g \
5 ' e |gaw/ R
@ - é 9 ‘\
': g 4| 2ofmiospcasacaseiny i
= LN
= 0 2.
O 400 500 600 700 800
X X . N , 0 | Wavelength (nm) ,
400 450 500 550 600 650 700 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Wavelength (nm) Voltage (V)

Figure 7. (a) UV—vis absorption spectra of PILAR treated TiO, films with various CdSe SILAR cycles (n). The spectrum of a film without the
SILAR deposition is also plotted for comparison. (b) J—V characteristics of CdSe QDSSCs prepared by the PILAR and various SILAR cycles (n).

(Inset) IPCE spectrum of the P-CdSe/CdSe(10) device.

Table 3. Photovoltaic Parameters of CdSe QDSSCs
Prepared by the Combination of the PILAR and Various
SILAR Cycles (n)

SILAR cycle (1) J.. (mA cm™2) V,. (mV) FF n (%)
P-CdSe/CdSe(4) 14.16 517 0.47 3.54
P-CdSe/CdSe(6) 15.06 517 0.48 3.71
P-CdSe/CdSe(8) 15.59 515 0.49 3.95
P-CdSe/CdSe(10) 16.50 514 0.51 430
P-CdSe/CdSe(12) 10.29 489 045 229

(IPCE) of the P-CdSe/CdSe(10) cell is nearly consistent with
the light absorption properties of the corresponding photo-
electrode.

To summarize, the most significant advantages of the PILAR
method for assembling QD sensitizers in TiO, films are not
only the enhanced QD deposition, but also the simultaneously
improved QD distribution/coverage throughout the entire
films. Owing to the unavoidably poor QD distribution resulting
from the conventional SILAR process, the PILAR method
allows cations to diffuse into the interior of TiO, matrices,
which is anticipated to achieve an inferior charge recombination
and higher energy conversion efficiency for a QDSSC.
Combination of the PILAR and SILAR processes could offer
the opportunity to further increase the photovoltaic perform-
ance by more QD loading and improved light harvesting
capability. Until now, efforts have been underway to study the
application of the PILAR method on other anion precursors™’
or different QD systems, for example, CdS, CulnS,, and CdS/
CdSe with a cascade architecture.*®*® Better photovoltaic
performance are expected to be achieved.

4. CONCLUSIONS

In conclusion, a simple and time-saving method, PILAR, was
developed for efficient CdSe QDSSC fabrication by introducing
an electric field to facilitate cations diffusion into the interior of
TiO, multilayers. Experimental results demonstrated that a
significant enhancement of QD loading was achieved by
adopting the PILAR approach. Furthermore, in comparison
with the film prepared by the conventional SILAR technique,
the QD distribution throughout the entire TiO, matrices and
the coverage on the TiO, surface were unexpectedly improved
in the PILAR treated films. Based on the suppressed charge
recombination attributable to the superior QD distribution, a
high conversion efficiency of 3.42% was measured in the
QDSSC using only the PILAR method with a 25 min anion
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reaction. Moreover, with the addition of the SILAR process to
allow further QD deposition, the energy conversion efficiency
could be increased up to 4.30% under full sun illumination. We
believe that the PILAR method proposed in this study provides
an easy and promising route for QDSSC fabrication, and the
exploration for different QD sensitization is currently in
progress.
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XPS spectra and SEM images of TiO, films prepared by the
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