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Fast electron transport and slow interfacial electron recombination are indispensable features for efficient
photo-electrodes of quantum dot sensitized solar cells (QDSSCs). This study reports the methodology to
prevent recombination losses in lead sulfide QDSSCs. TiO, nano-particles were coated with two different
insulating oxide materials (MgO and Al,Os). A single and double coated barrier layer is used in order to optimize
the passivation effect, prevent recombination losses and to obtain high-performance stable QDSSCs when
compared to bare TiO,. Metal oxides with high isoelectric point enhances the quantum dot adsorption and also
increases the TiO, conduction band edge. The QDSSCs is examined in detail using polysulfide electrolyte and a
copper sulfide (CuS) counter electrode. A solar cell based on double coating electrode (MgO/Al,0s) yielded
excellent performance with an efficiency (n) of 3.25%. Enrichment in electron transport and decrement in the
electron recombination are responsible for the enhanced Jsc and Voc of the QDSSCs. The electron lifetime with
TiO,/MgO/Al,0; was higher than those with bare TiO,, TiO,/MgO, TiO,/Al,03 and TiO,/Al,0:/MgO leading to

more efficient electron—hole separation and slow downs the electron recombination.

8-14

coefficient and high stability are its great features.” 'In situ

1. INTRODUCTION

growth methods which includes successive ionic layer adsorption

Dye-sensitized solar cells (DSSCs) with mesoporous TiO,  and reaction (SILAR) ** and chemical bath deposition (CBD)" are

electrode using organic sensitizer have attracted momentous
interests because of their low production cost and high
efficiency.l‘2 Semiconductor quantum dots (QDs) with a narrow
band gap have recently attracted escalating interests in using
photo sensitizers as a substitute to DSSCs. Quantum dot sensitised
solar cells(QDSSCs) offer new opportunities to generate multiple

electron-hole pairs with a single photon and facilitate the transport

of hot electrons.*’QDs with tunable band gaps, light absorption
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used. The combinations of QDs lead to higher efficiencies than
pure materials.””** CdS, CdSe, PbS, PbSe, and Sh,S; are frequently
used as QD sensitizers in QDSSCs. Lead sulfide QDs which has high
absorption coefficient with a tunable band gap, could be more
gainful as an effective sensitizer in QDSSCs.”

The quantized discrete band structures, multiple exciton and
theoretical efficiency which are beyond the Shockley—Queisser
limit are advantageous for PbS-sensitized QDSSCs.”®  The
performance of PbS QDSSCs is greater when compared to other

. 24,25
semiconductor QD-based solar cells.

A partial passivation layer
of CdS above the PbS-sensitized surface of the photo-anode can
decrease the recombination of photo injected electrons with the
electrolyte and improve the overall performance of the solar

cells.”® CdS and PbS leads to better performance due to its
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reorganized step-wise band-edge levels.”’ By tuning their relative
band alignment layer of passivized QDs which serves as both light-
absorbing layer and as an electron-blocking or hole-extraction
layer. The ZnS SILAR coating technique is used to protect QDs from
photo corrosion and to suppress electron recombination with the
electrolyte. QDSSCs still show comparatively lower conversion
efficiencies than those of DSSCs. The low efficiency of QDSSCs is
due to its electron recombination, particularly at the interface

28’ZgHigh band-gap insulating

between the TiO,/QDs/electrolyte.
metal oxides such as SiO,, Al,0;, Nb,Os, and MgO which are
formed like a core-shell are used as interface between TiO, and
QDs to act as a barrier layer for electron-transfer processes and
suppresses the recombination.?’o'?’ZTiOZ nanoparticles have been
widely investigated since they exhibit interesting optical, electronic
and photo-chemical properties.33‘34A wide number of applications
such as photovoltaic cells, electro-chromic materials, photo-
catalysis and waste water treatment have become prospectivein

. : . 35-39
using TiO, nanoparticles.

Various metal oxides with a high
isoelectric point (IEP) are used to boost dye adsorption and
increase the TiO, conduction band edge.40

MgO nanoparticles are advantageous in high temperature
resilient insulating materials, fuel-oil additives, liquid crystals,
electro-luminescence display panels and fluorescence tubes. "™
Uniting an insulator material (such as MgO and Al,O;) with TiO,
can boost its photo catalytic performance.46’47Bandaraet al. stated
that TiO, coated with MgO enhances the photo degradation of
eosin by three fold. The reason behind the enhanced activity of
TiO,/MgO compared to pure TiO,is that the MgO layer acts as a
barrier for charge recombination.”’ Liu et al. have investigated the
photo-reduction of CO, with water vapor using TiO,/MgO as a
hybrid adsorbent-photo—cataIyst.48 Enhanced efficiency in solar
cells has been achieved by coating a layer of MgO on TiO,. MgO
layer on TiO, hinders the recombination of electrons and holes and
since MgO is more simple than TiO,, the carboxylic groups of the
organic dyes easily adsorb on the surface thus refining the

efficiency of the dye sensitized solar cells.*>°

Tachanet al. reported
that the MgO coating layer can act as an interface barrier between
TiO, and QDs to inhibit recombination losses.”

Al,O; is known to provide a relatively low interface defect
density during growth.51 Its insulating nature can function as an

energy barrier to reduce the charge recombination rate in

QDSSCs.” However; the barrier layer can also interfere with

2| J. Name., 2012, 00, 1-3

chargeseparation steps necessary for photocurrent collection by
electron injection into TiO,. The insertion of abarrier layer will slow
electron injection without substantiallyaffecting the electron
injection vyield, allowing for devices toassist from decreased
recombination without detrimentaleffects on photocurrent
collection.

Herein, we report for the first time, TiO, with metal oxides
(MgO and Al,0;) and sensitized with PbS/CdS and with the
application of polysulfide electrolyte, and a CuS counter electrode
which was used to block the recombination. The following barrier
layers were fabricated on TiO,: single coating of (a) MgO, (b) Al,O;,
and double coating of (c) MgO/Al,O; (d) Al,05/MgO. Along with
that PbS/CdS sensitized photo-anode can decrease the
recombination of photo injected electrons with the electrolyte. The
QDSSC performance is enhanced which is attributed due to the
better light harvesting ability of PbS quantum dots and makes large
accumulation of photo-injected electrons in the conduction band
of TiO,. We have achieved an efficiency of 3.25% which is high for
surface modification of TiO, solar cells with lead sulfide QDs. The

general structure of the QDSSC is shown with details in Fig. 1.

PbS/CdS

Counter
electrode
(Cus)

»

PbS/CdS

Photo
I electrode

Fig. 1 Graphical representation of Bare TiO,, TiO,/MgO, TiO,/Al,03
and TiO,/MgO/Al,0; and TiO,/Al,05/Mg0O in QDSSCS with CuS
counter electrode and polysulfide electrolyte.

The cells are composed of TiO, with barrier layer sensitized
with QDs the polysulfide electrolyte and CuS counter electrodes.
Due to the easy corrosion of the metal chalcogenides in the
iodide/triiodide electrolyte, polysulfide is the best choice for

QDSSCs. The high band gap insulating materials MgO and Al203

This journal is © The Royal Society of Chemistry 20xx
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which are used as an interface between TiO2 and QDs acts as a

barrier layer for electron transfer processes to suppress
recombination. Upon 1 sun illumination (100 mWcm-2), photons
are captured by the QDs, which generate excitons, drive electrons
towards the TiO, conduction band, and transfers holes to
electrolyte. The injected electrons travel through semiconductor
and to the back contact, and then through the load to the CE.

2 EXPERIMENTAL SECTION

2.1. Materials

All chemicals used were purchased from Aldrich and
employed without any further purification. FTO substrate with a
sheet resistance of 10Q square'1 (Sigma-Aldrich) was used to
prepare the photo-anodes and CE. TiO, paste (Ti-Nanoxide HT/SP)

was supplied by Solaronix.

2.2. Fabrication of PbS/CdS sensitized Bare TiO,, TiO,/MgO,
TiO,/Al, 03, TiO, /Al,05/MgO and TiO,/MgO/Al,0; photo-anodes

With the aim of preparing QDSSCs, a fluorine-doped tin oxide
glass (FTO) was used as the substrate for both the photo-anode
and CE. TiO, photo-anodes were fabricated on an ultrasonically
cleaned FTO substrate using the doctor blade method. Anatase
TiO, particles (Ti-Nanoxide HT/SP, Solaronix) were first deposited
on the FTO substrate with an active area of 0.27 cmz,followed by
sintering at 450 °C for about 30 min. A thickness of ~7 um was
obtained.

The prepared TiO, films were immersed into aqueous
solutions containing 50 mM aluminum isopropoxide (Al
[OCH(CHs),]3) and magnesium chloride (MgCl,) coated TiO, films.
To prepare the double coated barrier layers, such as Al,05/MgO,
TiO, films were soaked in a (AI[OCH(CH3),];) solution and
subsequently in a MgCl, solution for 15 min each and sintered at
450 °C for 30 min. PbS and CdS QDs were deposited on TiO, films
by a SILAR technique. The TiO, photo-anodes were immersed in a
solution containing 25 mMPb(NOs), for 5 minutes to allow Pb*
jons to adsorb, and then rinsed with DI water and ethanol to
remove the excess Pb>* ions. The photo-anodes were then dipped
into an aqueous solution containing 0.1 M sodium sulfide (Na,S)
for 5 minutes, wherein the pre-adsorbed Pb* ions react with $*

ions to form PbS. Then, the electrodes were rinsed with DI water

and ethanol and dried under N, gas. These two dipping procedures

This journal is © The Royal Society of Chemistry 20xx
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constitute one cycle, and two cycles were applied. Then, CdS was
sensitized for five cycles using an aqueous solution of 0.1 M
cadmium acetate dihydrate and 0.1 M Na,S to achieve good

adsorption over the PbS/TiO, photo-anode.

Finally, two cycles of ZnS passivizing layers were coated over
the CdS/PbS sensitized photo-anodes by the SILAR method using
an aqueous solution of 0.1MZn (NO3), and 0.1M(Na,S), and each is
dipped for 5min per cycle and washed several times, dried, and
used for the fabrication of QDSSCs. The ZnS can proficiently cover
the bare TiO,TiO,/MgO, TiO,/Al,0; andTiO,/MgO/Al,0; and
TiO,/AlL,03/Mg0O and QDs, resulting in strong inhibition of the

electron leakage from either the QDs or TiO, to the electrolyte.

2.3. Fabrication of CuS counter electrodes

CBD is a modest and easy method for preparing the metal
sulfide CE and FTO substrate. Prior to deposition, the FTO samples
were cleaned ultrasonically using acetone, ethanol and DI water
for 10 minutes each. The prepared substrates were dried with N,
gas. A CuS aqueous solution was prepared using0.1 M CuSO,.5H,0
and 0.4 M Na,S,0; as source of Cu® ands” ions, respectively. 0.4
M CH4N,0 was used as a reagent for depositing CuS thin films. The
substrates were then dipped horizontally into the solutions of CuS
and kept in a hot air oven at 65 °C for about 2 h. The CuS-coated

films were washed several times with DI water and ethanol.
2.4 Assembly of the QDSSCs

The photo electrodes (Bare TiO,, TiO,/MgO, TiO,/Al,03,
TiO,/Al,05/MgO and TiO,/MgO/Al,03) sensitized with PbS/CdS and
the CEs (CuS) were assembled and sealed in layers using a
transparent 50 mm hot melt sealing sheet (double sheet of SX
1170-25, Solaronix). The polysulfide electrolyte was injected
through a pin-hole made in the CE. The cells were left for a few
hours to complete the diffusion of electrolyte within the photo-
anode and the cells were tested under one sun illumination (AM

1.5 G, 100 mW cm™).
2.5 Characterizations

The surface morphology of the thin films was characterized
using field emission scanning electron microscopy (FE-SEM,S-4200,

Hitachi) equipped with energy dispersive X-ray spectroscopy (EDS)

J. Name., 2013, 00, 1-3 | 3
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at an operating voltage of 15 kV to determine theelemental
composition at the Busan KBSI. X-ray photoelectron spectroscopy
(XPS, VG Escalab 250) was equipped with a hemi spherical energy
analyzer using mono-chromated Al Ka radiation. QD adsorption
was measured by UV-Vis spectroscopy (Mecasys OPTIZEN 3220UV)
over the wavelength range, 400 to 800 nm. A source meter
(Keithley 2400) was used to analyze the I-V characteristics under 1
sun illumination (100 mW/cmZ, AM 1.5). The internal resistance of
the QDSSCs at room temperature was measured by
electrochemical impedance spectroscopy (EIS; Biologic SP-150) at
frequencies ranging from 100 mHz to 500 kHz. The applied bias
voltage and AC amplitude were set to the V. of the QDSSCs and
10 mV, respectively. The electrical impedance was characterized
using Nyquist and Bode plots. The surface roughness of the
substrates prepared using SILAR was characterized by atomic force
microscopy (JPK NanoWizard |l JPK 158

AFM, instruments,

Berlin,Germany) at a scan rate of 0.8 Hz in the contact mode.

3.RESULTS AND DISCUSSION

The operating mechanism of the proposed solar cells based on
double coating barrier layer TiO,/MgO/Al,Osis shown in Fig.2. The
PbS and CdS mainly absorb visible light, generating photo-excited
electron—hole pairs. After that, the electrons that were photo-
excited on the CdS/PbS sensitizers were effectively transported to
Al,0;, MgO and to TiO, through the cascade type-Il band structure
and holes stimulated in the opposite direction through the valence

bands, finally oxidizing the polysulfide intermediary.

Fig. 2 Schematic diagram of double barrier layer

Metal oxides on TiO, have been proven to be a good barrier layer

for reducing electron recombination at the TiO,/QD/electrolyte

4| J. Name., 2012, 00, 1-3

interface. Overall, the barrier layer on the surface of TiO, can
improve the photovoltaic performance of the QDSSCs.
3.1 Structural and morphological studies

The SEM image in Fig. 3 shows the result of different barrier
layers of MgO, Al,03, MgO/Al,0; and Al,03/MgO on the surface of
TiO,.The TiO, film in Fig. 3a is composed of nano particles with
average diametersin the range of ~14 to 24 nm. Fig. 3b and 3c
shows the deposition of MgO and Al,O; on the surface of TiO, with
an average diameter of ~12 to 24 nm.The thickness in the photo-
anodes was confirmed by cross-sectional view of SEM, and the
results are shown in Fig. S1 of ESI.T

The Fig. 3d and e shows the high and low magnification SEM
image of TiO,/MgO/Al,O; on TiO,, the primer of MgO/Al,O; shows
the filling of pores in the TiO, whereas for Al,05/MgO it is partially
filled (Fig. 3f). The combination of MgO and Al,03 nanoparticles in
TiO, can fill the pores and facilitates the penetration of the
electrolyte. The sample in Fig. 3d demonstrates that the high
surface coverage of the barrier layer on TiO, increases with MgO
coating. The Fig. 3f shows that the Al,03/MgO particles had
uniformly distributed on TiO, surface but it shows extremely large
particle size compared to TiO,/MgO/Al,O; film. One recent study
reported that high root-mean-square (RMS) roughness and too
large particles might decrease the coverage on TiO, film and
increase the series resistance of the whole electrode.” As seen in
Fig. 3d, when the MgO and Al,0; was deposited on the TiO,
surface, there are many nanoparticles and these particles were
interconnected together and covered the TiO, nanoparticles
completely. These complete coverage of the TiO, with MgO and
Al,03, which would lead to strong adhesion between the material
and FTO substrate. However, the improved surface morphology
could extend the absorption in the visible and near IR regions of
solar light. The elements in the photo-anodes were confirmed by
EDX, and the results are shown in Fig. S2 of ESI.¥ The surface
roughness of the PbS/CdS film, high-resolution tapping-mode
atomic force microscopy (AFM) was carried out. The 2-dimensional

(2D) and 3-dimensional (3D) images are shown in Fig. S3 of ESI.T

This journal is © The Royal Society of Chemistry 20xx
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S00nm |8 ko8 x1 DIRSEM)

Fig. 3 SEM images of (a) TiO,, (b) TiO,/MgO, (c) TiO,/Al,05, (d) and (e) high and low magnification images of TiO,/MgO/Al,03 and (f)
Ti0,/Al,03/MgO images.

The presence of MgO and AlLO; on the surface of TiO, is

shown in Fig. 4 using XPS, which is used to measure the a) 60 b) 70
—Mg2p —Al2p

composition and chemical bond configuration. Fig. 4 (a and b)

-3
S

500
shows the binding energy peaks appeared at 50 eV (Mg2p) and 74

B
3
S
Intensity /a.u.
o
3

Intensity/a.u.

eV (Al2p) respectively indicating the formation of MgO and Al,O;

layer on TiO, film which is in well agreement with previous 300 W&Wf
54,55.-. .
reports. Fig. 4c shows the O1s and Ti2p XPS spectra of the bare - o—

N
S

w
S

]
&

15 50 55 65 70

and double coated barrier layer on TiO, films, respectively.Ti2p Binding EnergyleV Binding EnergyleV

q

binding energies of ~464.5 and 458.7 eV are attributed to the Ti2p
1/2 and Ti2p 3/2, respectively which is shown in Fig. S4 of ESI.tAn

additional peak was observed at the higher energy side, which

Intensity / a.u.

indicates the surface of hydroxyl (OH) groups with MgO/ Al,04

coating on TiO,. The increased number of hydroxyl groups of the

metal oxide materials on the TiO, surface forms interfacial bonding

Binding Energy / eV

with the carboxylic group of the QDs. The intensity of Ti2p bands
slightly decreased with the presence of insulating oxides (Fig. S4 of

Fig.4 XPS spectra of a) Mg (b) Al and (c) TiO,/MgO/Al,Os.
ESI. 1).
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In Fig. 5, the characteristic peaks of Ti, O, Al, Mg, Pb, Cd, Zn, S, are
all shown.The Pb 4f and Cd 3d peak appears at a binding energy of
405.13 eV and 137.8 eV and reacts with S to form PbS and CdS. The
binding energy peaks of Zn 2p3/2 are observed at 1022.37 eV.

Intensity / a.u.

0 200 400 600 800 1000 1200
Binding Energy/eV

Fig.5 XPS spectra of TiO,/MgQ/Al,0; sensitized PbS/CdS QDs.
3.2 Optical properties

As shown in Fig. 6, the TiO,/MgO/Al,0; showed the highest
absorbance. The absorbance of the other double coated layers on
the TiO, films was higher than that of single coated layer on TiO,
and bare TiO,. The increased absorbance was attributed to the

higher IEP value.

—=— (a) Bare TiO9
——(b) TiO2/MgO
——(c) TiO2/Al503
—— (d) TiO2/MgO/Al203
——(e) TiO2/Al203/MgO

Absorbance Intensity (a.u)

Wavelength (nm)

Fig. 6 UV-vis absorption spectra for (a) Bare TiO,, (b) TiO,/MgO, (c)
TiO,/Al,0; and (d) TiO,/MgO/Al,0; and (e) TiO,/Al,0;/MgO.
When an insulating oxide with a high IEP is coated on TiO,

films, TiO, becomes negatively charged and attracts QDs due to the

6 | J. Name., 2012, 00, 1-3

opposite surface charge and carboxylate linkage of QDs. &

MgO
and Al,O3 have a higher IEP than TiO,. Larger differences in the IEP
cause significant enhancement in adsorption by QDs and a larger
Jsc. The addition of an MgO over layer improved the absorbance
because of the large difference in the IEP of TiO, and MgO. The IEP

and band gap values are shown in Table 1.

Table 1 Band gap and isoelectric point (IEP) of TiO,, MgO and

Page 6 of 13

A|203.

Name Band Gap IEP
TiO, 3.2~3.3 5.8
MgO 7.8 ~12
Al,03 8.8 ~9

3.3 Performance of QDSSCs with barrier layer onTiO,
3.3.1. Photovoltaic analysis

The ultimate performance of the devices is studied. Fig. 7
shows the current versus voltage (J-V) curves of QDSSCs under one
sun illumination. Photovoltaic parameters like Voc (Open circuit
voltage), Jsc (Current density), fill factor (FF), and total energy
conversion efficiency (n) are listed in Table 2. Single and double
coated barrier layers on the TiO, films results in an increase in the
cell parameters. The increase in Jsc is observed upon increasing QD
absorption and the increase in Vo from 0.56 V to 0.61 V results

from a shift of the conduction band because of the insulating oxide

coating.
1
= (a) Bare TiO,
14 o= (b) TIO,/MgO
== (c)TiO,/Al,O,
12 === (d)TiO,/MgO/AI,O,

— (€)TiO,JA1,0,/MgO
10

Current Density (mAlcmz)

0.1 0.2 0.3 04
Voltage (V)

Fig.7 Photo-current density—voltage (J-V) characteristics of (a) Bare

0.5 0.6 0.7

TiO,, (b) TiO,/MgO, (c) TiO,/Al,0;5 and (d) TiO,/MgO/Al,0; and (e)

This journal is © The Royal Society of Chemistry 20xx




New:-Journal of Chemistry

Journal Name

TiO,/Al,03/MgO in QDSSCS with CuS counter electrodes and
polysulfide electrolyte.

Table 2 Summary of the photovoltaic properties of Bare TiO,,
TiO,/MgO, TiO,/Al,05 and Ti0,/MgO/Al,0; and TiO,/Al,05/MgO in

QDSSCS with CuS counter electrodes and polysulfide electrolyte.

Condition Voc Jsc FF n(%)
Bare TiO, 0.56 6.6 0.51 1.95
TiO,/Mg0 0.58 7.93 0.53 2.56
TiO,/AlL,O; 0.57 7.91 0.51 2.29
Ti0,/MgO/Al,0, 0.63 11.40 0.56 3.25
TiO,/Al,05/MgO0 0.61 9.76 0.53 3.18

A significant increase was also attained with a double coating
because they show a big increase in Voc and FF. This can be
attributed to the formation of an effective barrier layers on the
TiO, surface, indicating that the single and double layer itself
worked as an effective barrier layer on TiO, electrode and
increases the electron attentiveness at Voc. The conversion
efficiency of MgO/Al,O; coated TiO, increased from 1.95% to
3.25% improvement compared to bare TiO,. The result shows that
the TiO,/MgO/Al,O; barrier layer for PbS/CdS acts as an efficient
layer between the electrolyte and the TiO, surface, significantly
improving the electron lifetime and leading to improved
photovoltaic performance. The flow of electrons is through Al,0s,
MgO and then to TiO, which reduces the recombination. The
produced photo-electrons are expected to transfer to the
electrolyte and combine with Snz' to form nS” to promote redox

reactions in the electrolyte which is shown in Fig. 8.

FTO

£5Ti0,/MgO/Al,0,
Pbs/CdS

Fig. 8 Mechanism for the supply of photo electrons from the QDs.

This journal is © The Royal Society of Chemistry 20xx
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3.3.2. Electrochemical impedance studies

Electro-chemical impedance spectroscopy (EIS) is a powerful
tool for characterizing the performance of each component of
QDSSCs, and it is used to investigate the interior resistance and
charge transfer kinetics of QDSSCs. The Nyquist plots of QDSSCs
Bare TiO,, TiO,/MgO, TiO,/Al,0; and TiO,/MgO/Al,0; and
Ti0,/Al,03/MgO photo-anodes were measured under a simulated
light source of 100 mW cm™. The plots were analyzed using Z-view
software with an equivalent circuit as shown in Fig. 9. The EIS
investigation of the QDSSCs provides valuable information for
understanding the photovoltaic parameters of J-V curves. EIS
spectra of QDSSCs containing a liquid electrolyte exhibit three
semicircles in the Nyquist plot. The starting point of the first
semicircle is the series resistance Rs, which is the transport
resistance of FTO and all resistances outside of the cell. The first
semi-circle in the Nyquist plot contains the recombination
resistance at the CE/electrolyte interface (R¢g), which is parallel to
the CE capacitance (Ccg). The second semi-circle (middle frequency
circle) is the transfer

charge resistance  (Ry) at the

TiO,/QDs/electrolyte interface, which is parallel to the
corresponding chemical capacitance (Cp). In this study, second
semi-circles are used to study the effect of the barrier layers as it is
directly related to the charge transport and recombination
resistance in the TiO, network. Insulating oxides can function as
barrier layers for both electron injection and charge recombination
reaction. The low frequency semi-circle (third semi-circle) is the
Warburg diffusion (Zy,) in the electrolyte. Approximately near Rg
values were obtained for all Nyquist plots in because of the

identical CE (FTO/CuS).

J. Name., 2013, 00, 1-3 | 7
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Fig.9 Equivalent circuit diagram of QDSSC.

The corresponding Nyquist plots for the frequency range of 100
mHz-500 kHz are shown in Fig.10. The parameters obtained from
the EIS analysis are summarized in Table 3.The change in R¢ could
be attributed to the property alteration of the redox polysulfide
using similar CuS electrodes. The R¢g values of Bare TiO,, TiO,/MgO,
TiO,/AlL0; and TiO,/MgO/Al,05 and TiO,/Al,03/MgOwere found to
be 3.97, 2.89, 3.54, 1.84 and 2.54 Q respectively. The Ryvalue of
TiO,/MgO/Al,05(8.7 Q) which is lower than that of Bare TiO,(60.4
Q), Ti0,/MgO (12.4 Q), TiO,/Al,05(27.9 Q) TiO,/Al,05/MgO (10.2
Q).The low R value suggests that the MgO/Al,O; configuration
provides better electron transport in the photo-anode by

suppressing the recombination when the MgO/Al,0; layer
passivizes on the surface of TiOZ.SGMgO/Alzog coated TiO, showed
the lowest resistance among the single and double coating layers,
which indicates that the charge transfer resistance is reduced
significantly by the MgO/Al,O; barrier layer. The Z, value (1.5 Q) of
the MgO/Al, O3 indicates improved electrolyte diffusion, expedites
faster mass transport of the electrons, and increases the
enactment of the QDSSCs. These results propose that, it allows the
electron injection through tunneling with an ultrathin layer of
insulating oxide. The chemical capacitance (Cp) mostly designates
the injection and accretion of electrons into the photo-anodes. The
capacity to accrue electrons mainly depends on the conduction

band position, as in Eqn (1): 37,58

a*

a
——(Epn—Ecp)
— KgT
B KBTe[ g ]

c (1)

Table 3 Summary of EIS results for Bare TiO,, TiO,/MgO, TiO,/Al,05
and TiO,/MgO/Al,0; and TiO,/Al,03/MgO in QDSSCS with CuS

counter electrodes and polysulfide electrolyte.

Condition Rs(Q)  Ree(Q)  Ralw)  CulwF)  Zw(Q)
Bare TiO, 11.76  3.97 60.4 7771 125
Tio,/MgO 9.45 2.89 124 8514 8.9
Tio,/Al,0; 1038 3.54 279 7329 109

TiO,/MgO/ALO; 8.1 1.84 8.7 9285 15

TiO,/ALOs/MgO 8.9 2.54 102 8664 7.6
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2 —e=—(a) Bare TiO,
5 == (b) TiO,/MgO
=== (c) TiO,/ALO,
4 == (d) TiO,/MgO/Al O,

—+— (e) TiO,/AL,0,/MgO

20

zZ'(Q)
Fig. 10 EIS spectra of Bare TiO, TiO,/MgO, TiO,/AlL0; and

TiO,/MgO/Al,0; and TiO,/Al,03/MgO in QDSSCS with CuS counter

electrodes and polysulfide electrolyte.

Fig. 11 shows Bode phase diagram obtained from the EIS
measurements, which supports the electron lifetime for the TiO,
films. According to the EIS model, the electron lifetime before the
recombination (t,) can be estimated using eqn (2) using the Bode

plot.

[t = 1/(2nfmad] (2)

—a— (a) Bare TiO2p

50 - === (b) TiO2/MgO

== (c) TiO2/Al203

== (d) TiO2/MgO/Al203
—+— (e) TiO2/Al203/MgO

Phase (degree)
w
o

100 1000 10000100000
Frequency (Hz)

1 10

Fig. 11 Bode phase-diagrams of Bare TiO,, TiO,/MgO, TiO,/Al,04
and TiO,/MgO/ALO; and TiO,/Al,05/MgO in QDSSCS with CuS

counter electrodes and polysulfide electrolyte.
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The T, values obtained for Bare TiO,, TiO,/MgO, TiO,/Al,0; and
TiO,/MgO/Al,0; and TiO,/Al,05/MgO in QDSSCS were 98, 105, 129,
296, and 218 msrespectively. The increased electron lifetime in
TiO,/MgO/Al, 05 supports the reduction of back-reaction for the
injected electrons with a polysulfide electrolyte. The MgO/Al,05
layer effectively acted as barrier on the surface of the TiO, and
hence reduced the recombination.

In the case of QDSSCs system, the barrier layer can effectively
reduce the backward reaction at the FTO/polysulfide electrolyte
interface. It is clear from Fig. 12 the IPCE measurement shows the
maximum value at a wavelength of 550 nm. At this wavelength, an
increase in IPCE was observed from 15 to 20 % after the treatment
of TiO, with MgO/Al,O; QDs electrodes. This increase in IPCE leads
to the increase in the charge collection which leads to increase of
photo injected electrons in TiO, conduction band. The metal oxide
blocking layer can remarkably decrease the recombination
resulting in higher Voc and Jsc compared with the bare TiO,cell.The
Jsc values calculated from integration of the IPCE spectra for bare
TiO,(6.6 £ 0.1),TiO,/MgO(7.93 £ 0.55), TiO,/Al,05 (7.91+ 0.58),
TiO,/MgO/Al,05(11.40 + 0.49) and TiO,/Al,03/MgO (9.76
+0.42)were well matched with Jsc obtained from the J-V

measurements, considering the common error of 5-10%.

60
] (d) —(a)Bare TiO,
504 \ ~=(b)TiO,/MgO
. == (c)TIO,/ALO,
404 ~=(d)TiO,/MgO/AI,O,
9 - ——(€)TIO,/ALO /MgO
6
o 2048
10+ .
0 v .. 1 J v L v L v 1] '.
400 600 800 1000
Wavelength

Fig. 12 IPCE spectra for (a) Bare TiO,, (b) TiO,/MgO,(c)
TlOZ/A|203 (d) T|02/MgO/A|203 and (e) TIOZ/A|203/MgO in

QDSSCs with CuS counter electrodes and polysulfide electrolyte

This journal is © The Royal Society of Chemistry 20xx
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Fig. 13 shows the impedance spectra for theBare TiO,,

TiO,/MgO, TiO,/Al,05 and TiO,/MgO/Al,05 and
TiO,/Al,03/MgOunder the dark condition with 0.7 V. The decrease
in diameter under bias condition is due to the electrons injected
into the conduction band of TiO, that recombine with the
polysulfide electrolyte. Under the short circuit conditions, more
number of injected electrons reaches the external circuit via the
back contact, so the number of electrons returning to the redox
couple is abridgedominously.ngherefore, the decrease of the
lower frequency semicircle can be explained by the change of the
number of electrons recombining with the electrolyte at the

TiO,/electrolyte interface.

i —=— (a) Bare TiO,
25 —— (b) TiO,/MgO
—— (c) TiO,/ALO,

20 —— (d) TiO,/MgO/AlQ,
= —+— (e) TiO,/Al,O,/MgO
a
N

20 30 40 50
Z'(QY)
Fig. 13 EIS spectra of Bare TiO, TiO,/MgO, TiO,/AlL0; and
TiO,/MgO/Al,0; and TiO,/Al,03/MgO in QDSSCS with CuS counter

electrodes and polysulfide electrolyte under dark condition.

The arc of the semicircle is closely related to the short circuit
current, and expansion of the semicircle at lower frequency
corresponds to a decrease in the short circuit current. The QDSSC
based on Ti0,/MgO/Al,0; and shows a smaller lower frequency
than that based on Bare TiO,, TiO,/MgO,TiO,/Al,0sand
Ti0,/Al,03/MgO which may be due to the higher recombination of
electrons with the polysulfide electrolyte. These results suggest
that the internal resistance at the TiO,/electrolyte interface in the
QDSSC is a crucial factor for the performance of the cell.?° The Bare
TiO,, TiO,/MgO, TiO,/ALO; and TiO,/Al,0s/MgO based QDSSCs
reduced resistance and chemical

showed charge transfer

capacitance, which is e due to its high recombination of electrons

J. Name., 2013, 00, 1-3 | 9
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with the electrolyte. This leads in reducing the electron injection
and the shift in the Fermi level to the conduction band energy.60
Fig. 14 shows photo-voltage decay plots and the electron
lifetimes as a function of photo-voltage. The electron loss due to
recombination can be monitored by measuring the open circuit
voltage decay (OCVD) after switching off the light. It was observed
that the OCVD of cell with the double coated barrier layers was
much slower than that without the barrier layer. Slower decay
results in the increased electron life-time. The optimized band gap
and the appropriate combination of insulating oxide materials,
such as MgO/Al,O;, effectively suppresses electron leakage and
enhanced the cell performance with lower combination reactions
of MgO and higher conduction band edge of Al,0;. The decreased
electron lifetime of Bare TiO,, TiO,/Al,0; and TiO,/Al,05/MgO
electrodes indicates a higher charge recombination rate and lower

charge collection efficiency than TiO,/MgO/Al,O; .

0.7
- ——(a) Bare TiO,
—— (b) TiO,/MgO
0 ——(c) TiO,/ALO,
—— (d) TiO,/MgO/AlQ,
> 04 —— (e) TiO,/AL,0,/MgO
>
8 0.3
S
0.2 (d)
(e)
b
0.1
c
(@)
0. 0
Time (S)

Fig. 14 Open-circuit voltage-decay of (a) Bare TiO,, (b)
T|02/A|203 (d) T|02/MgO/A|203 and (e)
TiO,/Al,03/MgO measurements

TiO,/MgO, (c)
after switching off the

illumination of QDSSCs.

4 Conclusions

A single and double coated barrier layer was fabricated on the
TiO, films using MgOand Al,0sto reduce recombinationreactions,
and longer electron lifetime. The combination of insulating oxide
materials (MgO/Al,O;) escalates the conversion efficiency. The
double coated barrier layer had a more effective energy barrier
than the single coating by improving the overall cell parameters.

However, successive layers of PbS with CdS significantly enhances

10 | J. Name., 2012, 00, 1-3

photo-current. The quantum dot sensitized solar cell performance
is enhanced which is attributed due to the better light harvesting
ability of PbS quantum dots and makes large accumulation of
photo-injected electrons in the conduction band of TiO,.The large
accumulation of photo-injected carriers in the conduction band of
the photo-anode TiO,/MgO/Al,Os;and lower recombination of
photo-generated electrons with the electrolyte in were confirmed
by impedance analysis. The enrichment in the photovoltaic
performance with quantum-dot sensitization and metal oxides on
TiO, is another breakthrough for achieving higher Jc (11.40 mA cm’
%) Voc

methodology can be extended to other metal oxides and different

(0.63V) photo-conversion efficiency of 3.25%.This
quantumdot sensitizers which opens path for further development
of photovoltaic technology.
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A solar cell based on double coating electrode (MgO/Al,O;) on TiO, yielded excellent

performance with efficiency (1) of 3.25%.



