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xide thin film recombination
barrier layers for dye sensitized solar cells

Aditya Ashok, S. N. Vijayaraghavan, Shantikumar V. Nair*
and Mariyappan Shanmugam *

A physical vapor deposition based molybdenum trioxide (MoO3) thin film is demonstrated as an efficient

reverse-electron recombination barrier layer (RBL) at the fluorine doped tin oxide (FTO)/titanium dioxide

(TiO2) interface in dye sensitized solar cells (DSSCs). Thin films of MoO3 show an average optical

transmittance of �77% in a spectral range of 350–800 nm with bandgap value of �3.1 eV. For an

optimum thickness of MoO3, deposited for 5 minutes, the resulting DSSCs showed 15% enhancement in

efficiency (h) compared to the reference DSSC which did not use MoO3 RBL; this suggests that MoO3 is

effectively suppressing interfacial recombination at the FTO/TiO2 interface. Further, increasing the

thickness of MoO3 RBL at the FTO/TiO2 interface (20 minutes deposition) is observed to impede charge

transport, as noticed with 55% reduction in h compared to the reference DSSC. Thin film MoO3 RBL with

an optimum thickness value at the FTO/TiO2 interface efficiently blocks the leaky transport pathways in

the mesoporous TiO2 nanoparticle layer and facilitates efficient charge transport as confirmed by

electrochemical impedance spectroscopy.
1 Introduction

Hybrid photovoltaic technology offers unique opportunities to
employ both organic and inorganic photo-active functional
materials in solar cells.1–3 Nanocrystalline titanium dioxide
(TiO2) based dye sensitized solar cells (DSSCs), a technologically
important hybrid photovoltaic category, have shown potential
merits in terms of performance and cost.4–7 While the DSSC is
considered as a potential competitor for inorganic solar cell
technologies, a few major factors have been realized as major
technical hurdles for further progress in terms of performance
and stability.8–12 Various issues associated with dyes including
narrow band photo-absorption, inefficient electron injection
into TiO2, defects present in the nanocrystalline electron
transport layer, volatile/corrosive liquid electrolytes are signi-
cant factors that have been under research for more than two
decades.13 Different nanostructures of TiO2, including nano-
tubes, nanowires, nanobers and nanoparticles, are widely
employed as electron transport layer due to their own optical
and electrical advantages.14–17 Large surface area of the electron
transport layers are highly preferred in excitonic solar cells to
adsorb more photo-sensitizing materials such as organic dyes
and quantum dots.18,19 TiO2 lm thickness, sizes of particles
and pores present in the lm are a few important material
properties that determine the performance of DSSCs.20–23 The
surface area in the nanocrystalline material can be tuned by
dicine, Amrita University, Kochi-682041,

; mshanmugham@aims.amrita.edu
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varying the particle size. In general, unsaturated atomic bonds
(dangling bands) on the surface of TiO2 result as surface states
which are considered to be defect states which actively play
a detrimental role on charge transport.24,25 While surface area of
TiO2 is increased, the density of surface states that are present
on the surface also increases. This situation offers certain
advantages to DSSCs optically and disadvantages electrically.
The hole conductor, oen liquid electrolyte, diffuses into the
bulk of dye coated TiO2 to form the junction through which the
dye molecules are regenerated. Thus, the interfaces between
TiO2/dye/electrolyte are important at which signicant photo-
voltaic processes occur. While the TiO2 allows the electrolyte to
form the junction throughout the bulk, it might make an elec-
trical contact with transparent electrode which is essentially an
unwanted short circuit and the resulting solar cell will not be
functional. To avoid such unwanted situation, a thinner TiO2

layer of smaller particle size was introduced into the trans-
parent electrode and TiO2 interface, called compact layer.26 The
ions in the liquid electrolyte can diffuse into the mesoporous
TiO2 but will be blocked by compact TiO2 due to the smaller size
nanoparticles. Other than TiO2 nanoparticles, various other
materials, such as ZnO and HfO2, have been explored for
compact layer applications and observed to enhance the
performances signicantly.27,28 All these studies show that
compact layers in DSSCs should be highly dense, pin hole-free,
and less defective to block the reverse electron transport from
the transparent electrode to the electrolyte in which holes will
be available for recombination. Further, effect of metal doping
in compact layers, for example Li and Nb, and surface treatment
RSC Adv., 2017, 7, 48853–48860 | 48853
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by TiCl4 were examined to control the recombination loss in
DSSCs.29–31 All these studies show a major requirement to
control the photo-generated electron recombination at the
interface of transparent electrode and mesoporous TiO2. Sup-
pressing such interfacial recombination in DSSCs, in general, is
one of the ways to improve the performance of resulting DSSCs.

Molybdenum trioxide (MoO3), an orthorhombic crystal
structured material, exhibits an optical bandgap of�3.1 eV with
a work function 5.3 eV. Efficient hole injection characteristics of
MoO3 have been studied in transparent conductor oxide (TCO)
and organic hole transporting materials.32–34 Physical/chemical
vapor deposited MoO3 thin lms have shown promising appli-
cations in gas sensing and electro-chromic devices.35,36 F. Cheng
et al. has recently reported the organic solar cells employing
MoO3 based hole transport layer.37 Various material processing
methods including physical/chemical vapor deposition, ash
evaporation, ion beam and wet-chemical based techniques are
commonly used to deposit MoO3.38–40

In this work, capability of thin lm MoO3, deposited by
reactive DC sputtering, as a reverse electron RBL is examined in
DSSCs. Further, effect of deposition time (thickness) on the
performance of DSSCs was studied and it was observed that
there is an optimumMoO3 thickness to suppress the interfacial
recombination by facilitating the electron transport and
blocking the holes at FTO/TiO2 interface. The presented results
also clarify the increased thickness of MoO3 impede the charge
transport by establishing an energy barrier at FTO/TiO2 inter-
face. Thus, MoO3 thin lm can be considered as a dense and
pin-hole free RBL for DSSCs.
2 Experimental section
(i) Fabrication of reference DSSCs

To explore and prove the concept of MoO3 thin lm based RBLs,
two kinds of DSSCs were fabricated (1) DSSCs employing mes-
oporous TiO2 as an electron transport layer, coated directly on
FTO electrode. This DSSC was considered as a reference cell to
evaluate the effect of MoO3 RBLs. (2) DSSCs with MoO3 thin
lms as RBLs coated on FTO. To fabricate the reference DSSC,
�10 mm thick colloidal TiO2 nanoparticle layer was coated onto
FTO coated glass substrate by doctor blade method followed by
annealing at 450 �C for 1 hour. The TiO2 coated on FTO was
sensitized by Ruthenium based N719 dye for 12 hours. The dye
solution used in this study was prepared by dissolving 0.5 mM
of N719 in 1 : 1 mixture of acetonitrile and tertbutyl alcohol
solution. Commercially available Iodolyte AN-50 was used as
a hole transporting layer. A 50 nm Pt thin lm was used as
a counter electrode. Dye coated TiO2 photo-anode and the Pt
coated counter electrode was coupled using a paralm spacer
and the electrolyte was injected between the electrodes through
a channel made on a paralm spacer and sealed before
measurements. No TiCl4 treatment and TiO2 blocking layer
were used in this work to examine the effect only due to MoO3 in
DSSC performance without considering any other surface
modications that are usually followed in DSSC fabrication
procedure.
48854 | RSC Adv., 2017, 7, 48853–48860
(ii) Fabrication of MoO3 coated DSSCs

To demonstrate MoO3 as a potential candidate for RBL appli-
cation in DSSCs, thin lms of MoO3 were deposited onto FTO by
reactive DC sputtering using oxygen as a bombarding gas and
molybdenum as a metal target. Oxygen ow rate was kept at 30
sccm and all MoO3 lms were deposited at 200 �C. The lms
were deposited for 5, 10, 15 and 20minutes to study the effect of
thickness of MoO3 on the performance of DSSCs. The MoO3

deposited FTO electrodes were used to coat mesoporous TiO2

electron transport layer. The remaining fabrication procedure is
the same as explained in case of reference DSSC fabrication.

(iii) Fabrication of DSSCs with TiCl4 coated FTO

Titanium tetrachloride (TiCl4) stock solution was freshly
prepared as reported by S. Ito et al.41 FTO coated glass substrates
were dipped in TiCl4 for 30 minutes at 70 �C and annealed at
450 �C for 30 minutes. In order to fabricate DSSCs using TiCl4
coated FTO, the mesoporous TiO2 was coated onto FTO/TiCl4
electrode and annealed at 450 �C for 1 hour. The remaining
fabrication steps are the same as explained in reference DSSC
fabrication.

(iv) Materials and DSSC characterizations

Morphology of the TiO2 and MoO2 thin lm samples were
analyzed in a scanning electron microscope (SEM) using JSM-
6490-LA from JEOL. X-ray photoelectron spectroscopy (XPS)
was used to conrm the thin lms of MoO3 using Kratos
Analytical unit. Optical characteristics of the MoO3 lms, FTO
and N719 were studied by Perkin Elmer Lambda-750 UV-Visible
spectrometer. The current density–voltage (J–V) measurements
of the DSSCs were performed under AM1.5 illumination level
using Newport Oriel Class A solar simulator and a digital source
meter (Keithley 2400). Electrochemical Impedance Spectro-
scopic (EIS) studies were performed in the reference and the
DSSCs employing MoO3 RBLs under dark condition using
Autolab electrochemical work station.

3 Results and discussion

Fig. 1 shows SEM images illustrating the surface morphologies
of (a) TiO2 nanoparticles coated onto FTO electrode and (b–e)
reactive DC sputtered MoO3 RBLs on the FTO substrates. The
TiO2 nanoparticle layer is observed to be highly porous and
having �20 nm nanoparticles distributed randomly. The TiO2

nanoparticle network is well connected through which photo-
generated electrons diffuse to reach the FTO electrode. Phys-
ical connectivity among the nanoparticles, particle distribution
and electrical conductivity play a signicant role on charge
transport in the bulk TiO2 nanoparticle network. However, it is
obvious that the electrolyte ions can diffuse through such
porous layer and this situation is expected to result in unwanted
electrical short with FTO electrode. While the porosity of TiO2

nanoparticle layer assists in dye loading, electrolyte diffusion
towards FTO electrode is an unwanted situation in DSSCs.
Fig. 1(b–e) show surface morphologies of MoO3 at different
magnications. These morphologies assert there is no porosity
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images showing (a) porous TiO2 exhibiting randomly
distributed TiO2 nanoparticles in a porous network, (b–e) show MoO3

RBL coated onto FTO at different magnifications show a better
compactness through which diffusion of electrolyte was significantly
suppressed and (f) deposition time vs. thickness of MoO3 obtained.

Fig. 2 XPS spectra of PVD grown MoO3 thin film sample showing (a)
wide scan survey spectrum and high resolution scans of (b) Mo 3d and
(c) O 1s characteristic peaks.
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in the bulk as can be observed in the TiO2 nanoparticle lm
shown in Fig. 1(a). This is a major requirement for a material to
performance as an efficient RBL in DSSCs to suppress the
electrolyte diffusion towards the FTO. A pinhole-free thin lm
with no porosity is expected to block the electrolyte ions and
avoid direct electrical contact between the hole transport layer
and electron-collecting electrode. The MoO3 particles distrib-
uted in the samples were random in sizes but their packing
fraction is observed to be higher than that of TiO2 nanoparticle
layer, which is an essential factor to effectively block the hole
transporting electrolyte from touching the FTO. Fig. 1(b, c,
d and e) obtained under the magnications of 5000�, 10 000�,
20 000� and 30 000� respectively.

While the lower magnication images show uniform distri-
bution of particles, the image obtained at 30 000� illustrates
the surface is covered by tightly bound MoO3 particles of
different size distribution. Larger size particles are observed to
be on the surface while the gap between the larger particles are
perfectly lled with relatively smaller size MoO3 particle distri-
bution as can be observed in Fig. 1(e). Thus, the MoO3 lm is
highly dense due to the lling effect of smaller size particles
among the distribution larger size particles. In general,
colloidal TiO2 nanoparticles are used for compact layer appli-
cations in DSSCs. However, the colloidal layer also is expected to
have porosity to certain extent due to its nature of morphology.
Physical vapor deposition, in general, offers highly uniform,
dense and compact thin lms through which electrolyte diffu-
sion is not expected due to the tightly arranged particle distri-
bution as can be seen in Fig. 1(b–e). It is very obvious that
presence of such highly compact metal oxide layer at the
This journal is © The Royal Society of Chemistry 2017
interface of FTO/TiO2 act as a barrier for any kind of liquid
materials, in this case it is hole transporting electrolyte. This
particular sample illustrated in Fig. 1(b–e) was deposited at
200 �C for 20 minutes. Prolometer measured thickness values
of the samples deposited for 5, 10, 15 and 20 minutes were
70 nm, 120 nm, 170 nm and 240 nm respectively as shown in
Fig. 1(f).

XPS studies were performed on MoO3 thin lm deposited on
glass substrate to conrm and examine various constituting
elements, particularly molybdenum and oxygen. Fig. 2(a) shows
XPS survey spectrum obtained on the MoO3 sample illustrating
characteristic peaks of molybdenum, oxygen and carbon in the
binding energy range of 0–700 eV. The wide scan survey spec-
trum showedMo 4p at 42 eV, Mo 3d at 235 eV, C 1s at 284 eV and
O 1s at 529 eV. Doublet core levels of MoO3 shown in the survey
spectrum was further studied through a high resolution scan.
Fig. 2(b and c) show high resolution XPS characteristic spectra
of Mo 3d and O 1s peaks respectively. The spin orbit doublet of
MoO3 is further deconvoluted as shown in Fig. 2(c), conrming
the Mo 3d5/2 and Mo 3d3/2 observed at 232.6 eV and 235.8 eV
correspond to Mo6+ in stoichiometric MoO3 lm. The O 1s peak
is comprised of two different contributions as shown in
deconvoluted high resolution scan in Fig. 2(c). The peak t
identied 528.5 eV corresponding to Mo]O bonding between
RSC Adv., 2017, 7, 48853–48860 | 48855
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molybdenum and oxygen while 531.0 eV represents the OH
group adsorbed on the surface of the MoO3 lm.

Fig. 3 shows UV-Visible optical spectroscopic characteristics
of MoO3 samples along with the FTO used for DSSC fabrication
illustrating absorbance and transmittance in a wavelength
window of 350–800 nm. The MoO3 samples exhibit slightly
more absorbance and less transmittance compared to the FTO
and their optical absorbance and transmittance characteristics
overlap on each other as shown in Fig. 2(a) due to the smaller
variation in their thickness offered by the duration of deposi-
tion which are 5, 10, 15 and 20 minutes. Fig. 3(b and c) shows
themagnied view of the absorbance and transmittance spectra
shown in Fig. 3(a) in a spectral region of 350–700 nm showing
the smaller variation clearly. The FTO, a wide bandgap metal
oxide transparent conductor, exhibits no photonic absorption
in the spectral window of 350–800 nm. This conrms that
incoming photons don't lose their energy at the electrode while
reaching the photo-active material; in this case it is N719.
Further, UV-Visible optical characteristics of MoO3 lms also
exhibit similar features conrming that photonic loss at the
RBL also will be very minimum. Thus, optical loss at FTO
electrode and MoO3 RBL is considered to be insignicant.
Further, absorption coefficient (a) values for all MoO3 samples
were calculated from the transmittance spectra and used to
Fig. 3 (a) Optical absorption and transmittance spectra of FTO along
with MoO3 samples deposited on FTO for 5, 10, 15 and 20 minutes
show overlap in the characteristics due to the slight variation (the
arrows indicate the axes for the absorbance and transmittance char-
acteristics). (b and c) Magnified absorbance and transmittance showing
clear variation in a spectral window of 450–700 nm.

48856 | RSC Adv., 2017, 7, 48853–48860
calculate optical bandgap values through Tauc plot technique
shown in Fig. 4(a). The characteristic spectra (ahn)1/2 vs. energy
of incoming photons at (ahn)1/2 ¼ 0 yields optical bandgap
values of MoO3 samples deposited for 5, 10, 15 and 20 minutes.

The extracted bandgap values for all samples were about
�3.1 eV with �0.1 eV variation for the sample processed for 20
minutes. The observed insignicant variation in the bandgap
value (0.1 eV), can be ignored due to the cause of longer dura-
tion of oxygen ow which alters the band structure slightly. The
value of optical bandgap obtained for MoO3 samples conrm
that incoming solar photons in a wavelength range of 350–
800 nm do not interact with MoO3. It implies that MoO3, as
a RBL in DSSCs, does not block the visible spectral photons
which supposed to be absorbed by N719 used as a major photo-
active dye layer on mesoporous TiO2. To illustrate the “optical
compatibility” between the MoO3 and N719, absorbance char-
acteristics of MoO3 and N719 dye are compared as shown in
Fig. 4(b). The two major peaks observed at 385 nm and 525 nm
in the absorbance spectrum conrm N719 while the near-at
characteristic represents MoO3 due to the optical bandgap of
3.1 eV shown in Fig. 4(a). It is obvious that MoO3 is not expected
to absorb solar photons in the visible spectral window as
Fig. 4 (a) Optical bandgap values of all MoO3 samples from (ahn)1/2 vs.
energy of the incoming photons, (b) comparison of absorbance of
MoO3 and N719 dye to confirm the optical inactiveness of MoO3 in the
spectral window of 350–700 nm in which N719 is optically active in
terms of photo-absorption.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Photovoltaic parameters measured under AM1.5 illumination
condition

DSSCs JSC (mA cm2) VOC (mV) FF (%) h (%)

Reference 09.4 763 56.4 4.5
5 min MoO3 RBL 11.3 766 59.4 5.2
10 min MoO3 RBL 10.3 778 56.1 4.5
15 min MoO3 RBL 08.3 776 56.7 3.6
20 min MoO3 RBL 06.6 798 55.7 2.9
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a passive material component in DSSCs. It is expected to simply
pass the visible spectral photons towards N719 at which major
photonic absorption process occurs. Fig. 4(b) conrms MoO3

behaves optically inactive, in terms of absorption, in the spec-
tral window of 350–800 nm where N719 is optically active to
absorb the visible energy. The optical absorbance and trans-
mittance characteristics with a bandgap value of 3.1 eV support
MoO3 as a potential RBL at FTO/TiO2 interface to suppress the
recombination loss in DSSCs. Further, the four samples
considered in this work, deposited at 5, 10, 15 and 20 minutes,
exhibit insignicant optical loss in the visible spectral range
due to the wide bandgap which is an essential requirement for
RBLs.

Fig. 5(a) shows J–V characteristics of the DSSCs employed
MoO3 RBLs deposited at different duration along with the
reference DSSC which did not use any kind of RBLs and surface
treatment. This work examines only the effect of MoO3 in the
charge transport and recombination dynamics at the FTO/TiO2

interface, so the reported DSSCs did not use any surface
modications on TiO2. All the reported photovoltaic parameters
in this study were measured under standard AM1.5 illumina-
tion level. Table 1 lists the performance metrics of all DSSCs
presented in Fig. 5(a). In general, MoO3 thin lm RBLs at FTO/
TiO2 interface inuences almost all photovoltaic parameters as
can be observed in Fig. 5(a). It is very obvious that a dielectric
layer across an electrical path of the photo-electrons will impede
the transport characteristics. However, an optimum thickness
of RBL is expected to facilitate the charge transport at FTO/TiO2

interface. Fabrication steps, parameters such as TiO2 thickness
Fig. 5 (a) J–V characteristics of the DSSCs employed MoO3 RBLs of
different thickness showing a significant variation in JSC values and (b)
thickness dependent variation in efficiency of DSSCs showing the
possibility of achieving better performance for an optimum thickness
of MoO3. (c) Semi-log plot of dark J–V characteristics in the medium
forward bias region used for fitting to get JO and (d) thickness
dependency of JO and JSC values.

This journal is © The Royal Society of Chemistry 2017
and other conditions for all DSSCs reported in this study were
exactly the same except the incorporation of MoO3 RBLs. We
observed that a reference DSSC with no RBL exhibited photo-
conversion efficiency (h) of 4.5%. DSSC which used 5 minutes
deposition of MoO3 resulted in h of 5.2% with JSC and VOC of
11.3 mA cm�2 and 766 mV respectively. As listed in Table 1,
enhancement in the JSC value suggests that 5 minutes deposi-
tion of MoO3 at FTO/TiO2 interface favors the charge transport
while other higher MoO3 thickness values suppressed the JSC in
DSSCs. DSSC with MoO3 RBL deposited for 20 minutes resulted
in h of 2.9% which is 55% lower than that reference DSSC.
These two MoO3 RBLs and their comparison with reference
DSSC clearly conrms that photovoltaic performance can be
increased by using an optimum thickness of MoO3 at FTO/TiO2

interface. Fig. 5(b) shows thickness dependency of h of the
DSSCs with MoO3 RBL. The h value corresponds zero thickness
represents the reference DSSC. A deep drop in the h value for
increasing thickness was observed due to the reduction in the
photo-electron transport through the RBL. While the change in
JSC can directly be related to the photo-electron collection at the
FTO electrode, VOC represents the change in band alignment
due to the incorporation of MoO3 at the FTO/TiO2 interface. In
general, VOC can be dened as the energy difference between
redox potential of the electrolyte and the quasi-Fermi energy in
the TiO2. In general, PVD processed thin lms are considered to
be denser materials than colloidal nanoparticles which results
in efficient recombination blocking characteristic at the FTO/
TiO2 interface.

In general, dark saturation current density (JO) in DSSCs
represents electronic quality of interfaces where the electron
transport process is impeded by various recombination
dynamics. Single diode model equation is given by JD ¼ JO-
exp(qV/kT�1), where JD and JO are current density and satura-
tion current under dark condition. The parameters q, V, k and T
represent electronic charge, applied bias, Boltzmann constant
and operating temperature. Dark current of a solar cell must be
suppressed as much as possible to achieve improved solar cell
parameters under illumination. Thus, it is essential to obtain JO
as low as possible for DSSCs to get better h values. Fig. 5(c)
shows semi-log plot of dark current density vs. voltage in
a medium forward bias region (0.55–0.7 V). The highly linear
current density data set in semi-log plot conrm that they are
exponential in linear scale. Single diode model was used to t to
extract the JO and the values are shown in Fig. 5(d) with respect
to RBL thickness values. We observed that 5 minutes deposited
MoO3 suppressed the JO very efficiently than other MoO3 RBLs
RSC Adv., 2017, 7, 48853–48860 | 48857
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and the reference DSSC. The MoO3 layer controlled the JO value
in the DSSC and resulted in lower JD which led to improved
performance under illumination, particularly JSC values.

Nyquist and Bode phase plots of the reference and the DSSCs
employing MoO3 RBLs are shown in Fig. 6(a and b) respectively.
In general, the semicircles observed in kHz frequency range
represent the charge transfer process at the TiO2/electrolyte
interfaces in DSSCs. The semicircles obtained from the Nyquist
plots assure that the MoO3 RBLs introduced at FTO/TiO2

interface signicantly inuenced the charge transfer process in
the resulting DSSCs. The larger semicircles obtained for the
DSSCs with 5 minutes coating of MoO3 RBL on FTO compared
with reference DSSC conrming the recombination resistance
between photo-generated electrons and holes at electrolyte is
signicantly improved due to the presence of MoO3. Also, the
larger semicircle corresponding to the 5 minutes MoO3 RBL at
FTO/TiO2 interface elucidates that charge transport process has
been effectively facilitated by MoO3 compared to the reference
DSSC. It is evident that electrolyte in DSSCs diffuse through the
dye coated TiO2 nanoparticle layer to form the junction as a hole
transport material candidate. However, this can lead to a direct
electrical contact with FTO which is considered to be an elec-
trical short. Nyquist plots obtained from the reference and
DSSCs employing MoO3 RBLs show that such leaky charge
transport pathways were effectively blocked by MoO3 RBLs. The
Bode phase characteristics of the DSSCs shown in Fig. 6(b)
depict that frequency values corresponding to the maximum
phase angle shi towards lower values in case of DSSCs
employing MoO3 RBLs compared to the reference DSSC. The
low frequency shi observed in the DSSCs with MoO3 RBLs
assures that charge transfer process occurs more efficiently
compared with the reference DSSC. However, the optimum
thickness value of MoO3 (5 minutes coating) resulting in higher
JSC values compared to the reference DSSC while other DSSCs
exhibit lower JSC values due to the increased thickness of MoO3

which impede charge transport while they establish an energy
barrier for recombination between photo-electrons and holes.

TiCl4 is commonly used in DSSCs to treat the surface of
mesoporous TiO2 and FTO. The present work introduces phys-
ical vapor deposition based MoO3 as an efficient RBL in DSSCs
and the results are further compared with TiCl4 treated FTO in
Fig. 6 (a) Nyquist and (b) Bode phase characteristics of the reference
DSSC along with the DSSCs employing MoO3 RBLs. Legends are
common for both (a) and (b).

48858 | RSC Adv., 2017, 7, 48853–48860
DSSCs. Fig. 7(a) shows J–V characteristics of two DSSCs with
TiCl4 treated FTO electrodes showing very consistent photo-
voltaic characteristics under AM1.5 illumination. The J–V
characteristics of the two DSSCs are represented as cell 1 and 2.
This study utilized the same FTO, mesoporous TiO2, dye,
electrolyte and Pt counter electrode used in the reference and
MoO3 based DSSCs. The only difference is the TiCl4 treatment
on FTO. The DSSC with FTO/TiCl4 showed JSC, VOC, FF and h of
5.5 mA cm�2, 808 mV, 71.2% and 3.2% respectively. This study
observed only the VOC and FF were signicantly improved by
TiCl4 but overall performance remained lower than other
DSSCs.

Further, EIS studies were performed on the DSSCs with TiCl4
treated FTO to examine the Nyquist and Bode phase plots
shown in Fig. 7(b and c) respectively. The semi-circles obtained
from the DSSC with TiCl4 treated DSSCs shown in Fig. 7(b) are
smaller than the one obtained from MoO3 RBL (5 minutes
coating) assures the recombination resistance is smaller and
this can be correlated to the difference in the blocking capa-
bility between TiCl4 and MoO3. The present study did not use
any light scattering layers or surface treatment on mesoporous
TiO2 to examine specically the FTO/TiO2 interface. Thus,
photovoltaic performance of the DSSCs reported in the present
study is relatively lower compared to previous report.41

In general, incorporating MoO3 at FTO/TiO2 interface inu-
ences the charge transport at the FTO/TiO2 interface while acts
as a barrier for recombination between photo-generated charge
carriers and hole present in the electrolyte that diffuses through
the mesoporous TiO2 nanoparticle layer. The charge transport
characteristics can further be explained through the energy level
alignment in the DSSCs with and without MoO3 RBLs. Fig. 8(a)
Fig. 7 (a) J–V characteristics of the two DSSCs employed TiCl4
treatment on FTO (b) Nyquist and (c) Bode phase characteristics of the
two DSSCs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Energy band diagrams of the FTO, TiO2, N719 and electro-
lyte before contact formation and (b) energy level alignment at FTO/
TiO2/N719/electrolyte interfaces after contact formation. (c) Energy
levels representing MoO3 RBL at FTO/TiO2 interface and (d) the
alignment facilitating the charge transport through MoO3.
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shows the energy band diagrams of the FTO, TiO2, N719 and
electrolyte before making the contact under thermal equilib-
rium (no exciton generation). Fig. 8(b) shows the alignment of
energy levels of the FTO/TiO2/N719/electrolyte interfaces and
major physical processes occur under illumination. Process 1,
2, 3, 4 and 5 represent exciton generation in N719, electron
injection by N719 to EC of the TiO2, diffusion, collection at FTO
and transport in the FTO respectively. The incoming solar
photons enter into the DSSCs through FTO and TiO2. Optical
bandgap values of FTO and TiO2 are 3.6 eV and 3.1 eV respec-
tively which simply allow the visible energy spectral photons
without any signicant loss. Photonic interaction with N719
results in optical excitation and generates excitons as illustrated
in process 1. The photo-generated electrons are injected into the
EC of the TiO2 nanoparticles from the lowest unoccupied
molecular orbital (LUMO) of N719. Diffusion of photo-electrons
in the bulk of mesoporous TiO2 leads charge transport to reach
the Fermi level (EF) of FTO electrode.

Mesoporous TiO2 is preferred to adsorb more dye molecules;
however, the porosity allows the liquid electrolyte to diffuse into
the bulk to make TiO2/N719/electrolyte junction at which the
electron–hole transport process starts aer exciton dissociation.
While the electrolyte diffuses into the bulk TiO2, the porosity of
TiO2 offers a chance to make a direct electrical contact with the
FTO which is considered to be an electrical short in DSSCs.
Further, the defect states that are associated with FTO/TiO2

interface also actively participate in the electron capture process
which can effectively trap photo-generated electrons at the
FTO/TiO2 interface as represented by process 6 in Fig. 8(b). The
electron capture process is expected to be followed by a hole
capture process 7 as the electrolyte is in the vicinity of those
defect states which capture photo-electrons. The two processes,
electron–hole capture, lead to interfacial recombination medi-
ated by the interfacial defects at FTO/TiO2 interface. Fig. 8(c)
shows band diagrams of FTO, TiO2, N719 and electrolyte along
with MoO3 RBL at FTO/TiO2 interface. Fig. 8(d) shows the
energy level alignment at FTO/MoO3/TiO2/N719/electrolyte
interfaces. From the illuminated J–V characteristics of the
This journal is © The Royal Society of Chemistry 2017
DSSCs, it is conrmed that MoO3 RBLs changed in FTO/TiO2

interface and thus the density and activity of the interfacial
defects. The MoO3 layers acts as an energy barrier between
photo-electrons and the hole present at the redox potential of
the hole transport electrolyte. Thus, electron–hole recombina-
tion is signicantly prohibited by incorporating MoO3 at FTO/
TiO2 interface. It is expected that if MoO3 RBL establishes an
energy barrier between the photo-electrons and the holes at the
redox potential of the hole transport layer, then the JSC under
illumination can be increased signicantly by suppressing the
interfacial recombination mediated by the defect states at FTO/
TiO2 interface as shown in Fig. 8(d).

In general, process 1 is sensitive to the thickness of such
interfacial layers and thus obtained results conrm the JSC
decreased for further increase in the MoO3. Process 2 and 3
represent the electron and hole capture processes respectively.
These two processes can happen effectively when there is no
RBL and these two are suppressed by the RBL with an
optimum thickness to facilitate the process 1 while 2 and 3 are
prohibited.
4 Conclusions

Performance limiting interfacial recombination at FTO/TiO2

interface can be suppressed by coating MoO3 layers on FTO by
reactive DC sputtering. There is no signicant optical loss in
MoO3 lms, even for 20 minutes deposition. The 15%
enhancement in the performance of DSSC is attributed to the
effect of MoO3 on electron–hole capture processing which were
signicantly controlled for an optimum growth of 5 minutes.
Further increase in the thickness of MoO3 impedes the charge
transport process at FTO/TiO2 interface and affects the DSSC
performance. The presented work leads to the establishment of
defect engineered material interfaces to progress the research
and developmental works in DSSCs.
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