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Generally, a thin (>50 nm) transition metal oxide (TMO) film (such as TiO,) is employed as an interfacial
layer (also called a blocking layer, BL) between FTO and mesoporous TiO; in a dye-sensitized solar cell
(DSC). The function of this layer is to provide full coverage of FTO so as to reduce back electron
recombination without compromising transparency and charge transport properties. Recent research
has demonstrated that WOz has better charge transport and stability than TiO, and therefore has the
potential to be employed as a hole blocking layer. Furthermore, ultra-thin TMO films having thickness
less than the Debye length (characteristic length of the space charge layer in the WOs, Lp) are expected
to provide better interfacial and optical properties. However, reducing the thickness in such thin films
has been challenging owing to available preparation methods. In this work, the Langmuir—Blodgett (LB)
technique has been adopted to prepare high quality crystalline BL of WOz of controlled thickness in the
range of Lp (4-20 nm). The interfacial properties such as charge transport and blocking behaviour of
WOs3 LB films improved significantly when the thickness was reduced to <14 nm, which is comparable
to Lp. As a result, DSCs fabricated with thinner WO3 BL (thickness <14 nm) showed significant efficiency
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1. Introduction

In the last decade, dye sensitized solar cells (DSCs) have emerged
as potential alternatives to Si solar cell technology on account of
their various advantages, such as flexibility, low cost, simple
fabrication techniques, lightweight and efficient working even
under diffused light."*> The key challenges in developing highly
efficient DSCs have been to simultaneously improve the light-
harvesting of the active layer and to reduce the recombination
losses at various interfaces. Conventionally, a thin transition
metal oxide (TMO) film, such as TiO, (>50 nm), is employed as
an interfacial layer between the FTO substrate and mesoporous
TiO, (m-TiO,) layer (blocking layer, BL) in DSCs, which prevents
undesired recombination of photon-generated electrons. This
BL also helps in tuning the work function and providing better
interfacial properties to enable efficient electron transport.*™ In
addition to TiO,, other metal oxide films such as SnO,, Fe,O3,
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() improvement (22%) leading to 1 up to 9.79% vis a vis DSCs with WOz BL having thickness 20 nm.

ZnO and Nb,Os have also been employed as BL in DSCs in order
to enhance efficiency.®

WO; has been used extensively for a variety of applications,
such as smart windows,” photocatalysts and gas sensors, because
of its excellent chemical stability, high work function (~6.2 eV)
and carrier mobility (5-12 cm® V s™%), and tunability of electronic
structures through the polymorph.>™ However, WO, films in
solar cells have not been used much as interfacial layers due to
low conductivity, amorphous structure, mediocre interfacial
charge transfer and unfavorable conduction band (CB)
position.">"* Therefore, it is essential to achieve high crystallinity,
uniformity, and transparency with suitable work function in WO,
films so that it can provide preferential percolation paths for the
charge transport without compromising optical transmittance.'*"?
Furthermore, it has been reported in the literature that reducing
the thickness of a uniform TMO film to the Debye length
(characteristic length of the space charge layer in the TMO, Lp)
will yield higher electrical conductivity without compromising
optical transmittance."® The Ly, is dependent on the dielectric
constant (¢) and carrier density (Np) as follows:

ekT
¢*Np

(1)
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where &, T and ¢ are the Boltzmann constant, temperature and
unit charge, respectively.

The Ly, of the WO; is reported to be in the range of 2-20 nm
and therefore, it is anticipated that WO; films having thickness
in this range (<20 nm) could lead to charge transport behavior
different from what is observed for thicker films (>20 nm)."”
Moreover, for TMO having thicknesses <Ly, the space charge
layer (SCL) can extend beyond the film thickness. This will
eventually lead to different charge distributions near the film-
substrate interface and hence, influence the interfacial proper-
ties such as charge transport and blocking behavior. Even
though reducing the BL thickness is known to be effective for
improving the interfacial properties without loss of optical
transmittance, preparing such an ultra-thin (<20 nm) uniform
film is challenging.

Amongst available techniques to deposit ultra-thin films,
sputtering, pulsed layer deposition (PLD), atomic layer deposi-
tion (ALD) and molecular beam epitaxy (MBE) have been used
widely'®2* for depositing WOj; films. The films, prepared by
thermal evaporation, resulted in amorphous structure and
rough morphology. Post annealing (>300 °C) employed to
induce crystallization, however, led to shrinkage of the mate-
rial, forming wide cracks owing to the increase in overall
residual stresses in the film.>* Spark ablation was also used
to prepare ultra-thin WO; films, and enhanced NO, gas sensing
was reported.>® However, the films had many cracks in as-
deposited as well as annealed films. Mattoni et al. reported
crystalline ultra-thin WO; (9 nm) on top of TiO,-terminated
SrTiO5(001) substrates using the PLD technique.>® The film
decorated with Pt resulted in increased sub-ppm hydrogen
sensing owing to the crystalline structure and high surface
area-volume ratio.?® Ultra-thin WO; films were also produced
using ALD from different precursors such as WFg, in situ-
generated hexavalent tungsten oxyfluoride, (fBuN),(NMe,),W,
and hexacarbonyl precursor W(CO),.>” However, low growth per
cycle (<0.2 A), high impurity incorporation, and non-
stoichiometric composition limited their use for device appli-
cations. Furthermore, a plasma-enhanced ALD process was
reported, however, a polycrystalline film of monoclinic phase
could be obtained only at elevated temperature ~400 °C.*®
Though ALD has the advantages of atomic level conformal
coverage of a high quality and crystalline film on the substrate,
high material cost and consumption as well as high wastage
limits the industrial applicability of this technique. Therefore,
present techniques for depositing ultra-thin WO, films have the
following disadvantages: (i) limited control over the quality of
deposited films of different thicknesses, (ii) the necessity of
specific substrates, corrosive precursor or co-reactants, (iii) the
requirement of high vacuum and high deposition temperature
and (iv) non-scalability. Therefore, the reported literature on BL
materials in solar cells has mainly been focused on materials
which could provide full coverage of the FTO substrate without
loss of optical transmittance. It is to be emphasized here that
the effect of BL thickness on the DSC performance has not been
studied extensively for film thicknesses <20 nm due to the
limitation of uniform film coverage by most of the reported
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preparation techniques®'®' and therefore, there is a lot of
room for developing alternative materials for enhancing device
efficiency through maximizing intrinsic BL properties.

In this context, the Langmuir-Blodgett (LB) technique is a very
simple, environment-friendly, and versatile method for preparing
ordered multilayers of a wide range of materials, such as carbon
nanomaterials, conductive polymers, etc. with low consumption of
materials. In addition, this technique allows control over the
morphology, thickness and molecular architecture of films
through suitable manipulation of the subphase pH, barrier speed,
deposition speed, and post-transfer treatments along with the
possibility of low temperature processing. In the present work,
crystalline ultra-thin (4-20 nm) WO, films were prepared from the
thermal decomposition of the WO;-octadecyl amine (ODA)
complex (WO;opa) of multilayers, using the LB technique. The
interfacial properties of the prepared films were thoroughly char-
acterized using UV-Vis spectroscopy, electrochemical techniques,
ellipsometry, Kelvin-probe and field-emission scanning electron
microscopy (FESEM). A significant improvement in blocking and
charge transport behavior is observed for films thinner than
<14 nm (within Ly, regime) as compared with thick 20 nm WO,
films (beyond the Ly, regime). The films, when employed in the
fabrication of DSCs, show significant improvement in efficiency (1)
up to 9.79% as compared to those with thicker (>Lp) WO; BL
films (n ~ 8.02%). The electrochemical impedance spectroscopy
(EIS) and intensity-modulated photocurrent/photovoltage spectro-
scopy (IMVS/IMPS) data suggested improved charge transport and
reduced recombination in DSCs with thinner (<L) WO; BL as
compared with those with thick BL (> Lp).

2. Experimental section

Chloroform and other chemicals were of analytical grade or
higher purity and were used without any further purification.
Deionized (DI) water (Milli-Q, Millipore) having resistance
18 MQ was used to prepare solutions. The preparation of LB
multilayers of WOj; opa was carried out using a KSV-Nima
Langmuir trough equipped with two Teflon barriers with a
total area of 850 cm®. The absence of surface-active contami-
nants was verified by compressing the subphase to achieve
surface pressure <0.1 mN m ™. Then, 50 pL of octadecyl amine
solution in chloroform (1 mg mL™"') was spread on the sub-
phase containing 0.15 mM sodium tungstate solution (pH ~ 7)
in DI water, using a Hamilton micro-syringe. After 20 mins to
evaporate solvent, the layer was simultaneously compressed by
two compression barriers at the rate of 5 mN m™~* min~". The
FTO substrates were cleaned by successive sonication in warm
Hellmnax soap, DI water, acetone, methanol, and isopropyl
alcohol and then dried with nitrogen gas, whereas Si substrates
were cleaned using a Piranha solution. All substrates were
further cleaned by using atmospheric plasma (Harrick Plasma,
model PDC-002) in ambient air for 10 min before carrying out
multilayer deposition. Multilayers were transferred in succes-
sive downstrokes and upstrokes with a 10 min interval between
the upstroke and the subsequent downstroke. The dipping rate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was 5 mm min " in both directions. The transfer of the LB
multilayers was Y type and the transfer ratio was 90-100% onto
FTO and Si substrates. The films were subsequently thermally
decomposed at 400 °C for 5 h. In order to compare the results,
WO; films were also prepared by spin casting, using a neutral
surfactant-(polyethylene glycol) assisted tungsten precursor as
reported earlier.”® The thickness of the prepared films on Si
substrates was estimated using variable angle spectroscopic
ellipsometry (Sentech SE400adv) at wavelength 632 nm. For
device fabrication, a slightly modified procedure of preparing
photoanode in our earlier work was adopted.*® The photoanode
was prepared by doctor blading mesoporous TiO, paste (Solar-
onix, Ti-nanoxide T/SP) and a scattering layer of TiO, paste
(Solaronix, Ti-nanoxide R/SP) on the plasma treated WO; BL/
FTO substrate. The films were sintered at 500 °C using a multi-
step temperature program. This was followed by a post-
treatment with 40 mM TiCl, aqueous solution at 70 °C for  h
and subsequently annealing at 500 °C for 1 h. The photoanodes
were sensitized using a solution of 0.5 mM N719 dye (Solaronix)
with 5 mM cholic acid in tert-butyl alcohol/acetonitrile (1: 1 v/v).
The devices (area 0.12 cm?) were fabricated using a pre-drilled
platinum coated counter electrode. The electrochemical as well
as photovoltaic characterization was performed using a Potentio-
stat/Galvanostat (PGSTAT 30, Autolab Eco Chemie, Netherlands).
The surface morphology was analyzed using a FESEM (Carl Zeiss
Supra 55, SEM micrograph) as well as atomic force microscopy
(AFM) (Anton Paar Tosca TM 400) in tapping mode. UV-Vis
spectroscopy was carried out using a double beam UV-Vis
spectrophotometer (Jasco, V 530). The Fourier transform infra-
red spectroscopy (FTIR) of LB films deposited on Si substrates
was carried out, in reflectance mode, using a Bruker spectro-
meter (model: Vertex 80 V) at a resolution of 4 cm™'. X-ray
photoelectron spectroscopy (XPS) data measurements were car-
ried out using the RIBER MBE system, which was equipped with
a Mg K, source. The binding energy scale was calibrated to the
Au 4f;, line of 83.95 eV. Raman spectra of LB films, deposited on
Si substrates, were recorded on a Jobin-Yvon micro-Raman
spectrometer (LabRAM HR800), in the 180° backscattering geo-
metry, with a spectral resolution of 1 cm™" using a HeNe Laser.
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The laser beam was focused onto the sample using a x100
objective lens and the laser spot size was ~5 pm. Kelvin probe
scanning microscopy (model: KP Technology), having resolution
of ~0.003 eV, was employed to measure the work function of
spin cast and LB WOj; films on FTO substrates. Electrochemical
characterizations of all BLs were carried out using a one-
compartment, three-electrode electrochemical cell: FTO or
FTO/WO; performed as the working electrode, while Ag/AgCl
and platinum electrodes were used as reference and counter
electrodes, respectively. The EIS measurements were done in a
range from 100 mHz to 500 kHz by applying an AC voltage of
10 mV superimposed on a dc voltage. For dark EIS measure-
ments, data were collected at dc bias of open-circuit voltage
(Voc), Voc £ 0.02 V and Vo + 0.04 V. The results were analyzed
using an equivalent circuit model fitted with ZSimpWin 3.22
software. IMPS/IMVS measurements were carried out under a
Green LED (wavelength 530 nm), which provided the DC illumi-
nation bias, superimposed with AC modulation ~10% of the
DC intensity. The measurements were performed between 1 kHz
and 100 mHz, 20 data points per decade. The current-voltage
(J-V) characteristics of the DSCs were recorded under 1 sun
simulated AM 1.5G illumination using a solar simulator (G2V,
Canada). The intensity of the source was calibrated using a
reference silicon cell before recording the characteristics.

3. Results and discussion

3.1 Surface properties of the WO; ops monolayer and
structure of WO; ops Langmuir-Blodgett multilayers

Since the lateral organization of the ODA molecules on the
subphase may influence the WOj; ops monolayer formation and
subsequent multilayer deposition, the surface properties of
monolayer organization and packing were investigated by
recording surface pressure-mean molecular area (n-A) iso-
therms and are presented in Fig. 1(a). At large area, i.e. at the
start of barrier compression, (zero surface pressure) a gas phase
at the air-water interface is observed. The presence of WO,>~
ions in the subphase results in an increased expansion of the
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(a) Surface pressure isotherm and (b) compressibility of ODA and WOz opa monolayers.
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ODA monolayer as evident by an increase in the lift-off area
(36.8 A% of the ODA monolayer spread on tungstate salt
subphase. Distinct transition phases can be observed in the
presence of WO,>~ ions in the subphase, which indicates an
interaction between WO,>~ ions and ODA. This interaction
occurs because the ODA molecules undergo protonation in the
presence of water resulting in positive head groups (R-NH;").
This positive charge interacts with anionic WO,*”, resulting in
an electrostatic interaction between the two groups. In the range
10-20 mN m ™', it is more clearly discerned in the presence of
WO,>~ ions than in pure water isotherms where transition
phases occur suddenly because of fast condensation of the
ODA molecules. Moreover, an additional slope change takes
place around 25 mN m™*, where a kink is observed. When
ODA is compressed beyond this, a steep slope of the n-A curve
is observed, indicating a phase transition. This is different for
the isotherm of the ODA monolayer, for which the lift off area
~21 A% per molecule is estimated, consistent with the reported
values found in the literature.*’ Transition phases are not
observed in this isotherm, suggesting that a direct transition
from a gas to a condensed phase takes place. In order to further
elucidate phase transitions and to characterize the interactions
of WO,>~ ions with the ODA monolayer, as well as to examine
changes in the interfacial packing properties, two-dimensional
compressibility of the Langmuir monolayers was investigated.
The compressibility coefficient was calculated as per the follow-
ing equation:

C;‘::Aag (2)

while C;~' is low in the gas phase, it increases at the liquid-
expanded (LE) and liquid-condensed (LC) phases due to diffi-
culty in deforming the monolayer. The maximum values of the
C, " provide information on the monolayer phase: the values in
the range of 100-250 mN have been associated with the LC
phase, and solid phase.*” Fig. 1(b) shows the isothermal com-
pressibility of the WO; op, as well as ODA monolayer at the air-
water interface. As shown in the figure, for both cases, the C;*
value increases as the molecules reorganize to a more condensed
state. After the maximum, the condensed state is completed and
the C;~' decreases. For ODA on pure water, a steady increase of
the surface pressure starting from 0 to 15 mN m ™" was observed,
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and after 15 mN m™, the modulus decreases. The C;™ '~ curve
for ODA monolayers on subphase containing WO, salt is entirely
different from that of ODA monolayers on pure water. Two peaks
can be distinguished in the figure at 15-20 mN m ' and 38-
40 mN m™ ", clearly suggesting a phase transition. Lower values
of C, ! were obtained for WO; opa as compared to that of ODA
monolayers suggest low rigidity and compaction of the WO; opa
monolayer. The difference in C; '-n curves in the LC region
confirms molecular interactions of WO,>~ anions with ODA
molecules. Since the WO; ops monolayer is the building block
of the WO; films and close packed at the maximum point in the
Cs '-m curve, we chose surface pressure corresponding to this
lowest C; (~15 mN m™") to deposit multilayers. For this
purpose, WO; ops monolayers were transferred to the substrate
at constant pressure multiple times and were subsequently
decomposed thermally. The phase/structure of the multilayered
films after thermal decomposition was investigated using FTIR,
XPS, and Raman spectroscopy (Fig. 2). As shown in Fig. 2(a), the
FTIR spectra of the thermally decomposed film showed signifi-
cant reduction of the C-H stretching vibration bands of the
hydrocarbon chains at 2919 em ™' (asymmetric) and 2851 cm ™"
(symmetric) and complete removal of the C-H bending mode, at
1470 cm™ ", of the CH, group. It is to be noted that these peaks
were clearly observed in the WO; op, films. This confirms that
the hydrocarbon part in WO; ops is removed after thermal
decomposition. The stoichiometric WO; phase was confirmed
by X-ray photoelectron spectroscopy (Fig. 2(b), which when
deconvoluted, show peaks corresponding W 4fs, and 4f,,
doublet peaks at 37.9 eV and 35.8 eV, respectively (W®" state)
and in accordance with the reported literature values for WO,.**
It should be noted that the de-convoluted core level spectrum for
the spin cast WO; film showed (i) a shifting of 0.7 eV towards
higher binding energy for doublet peaks, i.e. the appearance of
W 4f5;, and W 4f; ), peaks at 38.6 eV and 36.5 eV, respectively and
(ii) two smaller contributions from the second doublet at lower
binding energy, (W 4f;, = 37.9 eV and W 4f,,) = 35.8 €V, in
addition to peaks for W 4f,, and W 4f;;, states. This suggests
sub-stoichiometry and the existence of defects due to the
presence of W>" states in the spin cast film.** A shift in doublet,
observed in spin cast films, towards higher binding energy as
relative to stoichiometric WO; has been attributable to the
presence of a large degree of oxygen deficiency and thereby
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(a) FTIR of the WO3 LB film after thermal decomposition, (b) XPS and (c) Raman spectra of the spin cast and WOs LB film.
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lattice disorder in hydrogen-treated WO; films. Large amounts of
lattice disorder result in occupation of large density of states
within the energy gap with a corresponding shift of the Fermi
level toward higher energies. Other than stoichiometry, spin cast
and LB WO; films also differ in their crystallinity as depicted
in Raman data (Fig. 2(c)). The features at 303, 435, 622, and
675 cm™ ' show the presence of Si-O bonds due to the
substrate.>* A well-defined peak at ~810 cm ' is observed for
WO; LB films confirming the formation of the tetragonal phase
of WO; as observed earlier for ultra-thin films. Two major
features are observed in the case of the spin cast WO; film:
the peak at 810 cm ™' is (i) red-shifted to 826 cm™ "' owing to the
bulk-nature of the spin cast films and (ii) significantly weakened
in intensity due to reduced crystallinity.*® This is consistent with
XPS data, which shows increased defect states corresponding to
the sub-stoichiometric phase in the spin cast WO; films.

3.2 Optical, morphology and blocking properties of ultra-thin
WO; films

After establishing the fact that thermal decomposition of the
WO; opa multilayered films yields a stoichiometric and crystal-
line WO; structure, we prepared WO; films of various thick-
nesses by controlling the deposition cycle of WO; opa
monolayers on the substrate. Different numbers of monolayers,
9, 19, 25, 35 and 50 layers, were deposited and hereafter will be
referred to as 9 L, 19 L, 25 L, 35 L and 50 L, respectively. The
optical, morphology and interfacial properties of the prepared
WO; film were studied before employing them as BLs in DSC
fabrication and the results are presented as follows:

Since the optical transmittance is strongly affected by
dielectric constants, we estimated thickness and optical con-
stants (refractive index, n and extinction coefficient, k) using
ellipsometric measurements and fitted data using the model as
reported earlier.>® The estimated n and k of the as-deposited
films were found to be in 1.56 and 0.04, respectively. After
thermal decomposition, the refractive index (~2.8) increases
and the absorption coefficient decreases (~0.006), suggesting
conversion of the WO; opa LB multilayers to WO;. The high
refractive index of all WO; films suggests compact and uniform
deposition of the film. The thicknesses of the WO, multilayers,
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transferred on Si substrates, were estimated using estimated n
and k values and are presented in Fig. 3(a) as a function of
number of layers. The thickness of the as-WO; film was found
to shrink approximately 1/6th after thermal decomposition.
The estimated data reveal that a monolayer of WO; op,s is
~2.4 nm thick and after thermal decomposition, it reduces
to ~0.4 nm. It should be noted that as-deposited films were
featureless and transparent up to 19 L, and afterwards a semi-
transparent film having a brownish tinge was observed. After
thermal decomposition, all WO; LB films of thickness <14 nm
show enhanced optical transmittance as presented in Fig. 3(b).
This might be due to better matching of the refractive index at
the FTO/WOs/air interface than the FTO/air interface (refractive
index for FTO ~ 2.4), which reduces internal reflection and
therefore results in enhanced transmittance. Slightly reduced
transmittance observed for the 20 nm thick film might be due
to increased thickness. Typical fringes observed in the spectra
of all WO; LB films suggest smooth surface morphology of the
prepared films; in contrast, such fringes were absent in the spin
cast WO; film.

The smooth morphologies of the prepared LB films as
compared with that of the spin cast film were also confirmed
from recorded FESEM images, as depicted in Fig. 4. The FESEM
images of WO; films are slightly blurred as compared with FTO
(inset of Fig. 4(a)) owing to the ultra-thin nature. As compared
to the FESEM image of the spin cast WO; film, LB deposited
WO; films were found to be more uniform, pin-hole free and
homogeneous. It should be noted that the thickness variation
of the WO; film from 4 nm to 20 nm did not result in different
surface morphologies. The uniformity in the LB deposited film
is also supported by the AFM image, which shows a compact
film comprising small crystallites after thermal decomposition
of WO; opa multilayers (Fig. S1, ESIt). It should be noted that
though uniform morphologies for WO; crystalline films are
observed in the SEM and AFM images, lateral uniformity in cm?
area has been assessed in the best manner using cyclic
voltammetry.*®3® Therefore, the thickness dependence of the
interfacial properties, such as blocking and charge transport
behaviour, were studied by analyzing their cyclic voltammo-
gram (CV), EIS and Mott-Schottky (MS) plots as described in
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Fig. 4 Top-view FE-SEM images of the prepared WO3 LB films of thicknesses (a) 4 nm, (b) 8 nm, (c) 11 nm, (d) 14 nm, (e) 20 nm, and (f) the spin cast film,

scale bar ~200 nm.

earlier reports®® (Fig. S2, ESIT). The effectiveness of the block-
ing effect (BE) of the WO; film was estimated by taking into
account the percentage suppression of the anodic current in
CV as compared to that for the FTO substrate. As shown in
Fig. S2(a) (ESIt), all WO; LB films showed (i) anodic/cathodic
peaks, and (ii) significant suppression of the anodic current as
compared to bare FTO and (iii) enhanced cathodic peak, which
is due to the electron accumulation below the flat band
potential and corresponding reduction of Fe(CN)s*~ at the
FTO/WOj; surface. It is to be noted that WO; opa multilayers
do not show such features owing to the presence of insulating
ODA in the complex. When the film thickness is increased from
4 to 11 nm, good blocking behavior >80% is observed, despite
the fact that the thickness of the film is very low (Fig. 5(a)). For
14 nm thick film, the blocking effect is slightly increased
and then slightly decreases for 20 nm thick films. The peak-
to-peak separation (AE) of the anodic and cathodic peaks in the
CV follows the trend of blocking effect. This is expected as
enhanced thickness of the WO; layer poses more and more
resistance to charge transfer reaction and therefore the oxida-
tion peak shifts towards positive potential and therefore,
results in increased AE.

In order to investigate further the thickness effect on block-
ing behaviour, the EIS spectra of various films were recorded
(Fig. S2(b), ESIt). The measured data were fitted using Randle’s
equivalent circuit model (R([RcrW]Q)), where R is the overall
contribution of the intrinsic resistance of the WO; film, ionic
resistance of the electrolyte, and contact resistance comprising
connections to the WO; electrode, and Rcr, Q and W are the
charge transfer resistance, constant phase element and War-
burg impedance corresponding to WO; film, respectively. The
capacitance (Cgy) of the WOj; film was estimated using esti-
mated Q and Rcr values as described earlier®® and is presented
in Fig. 5(b). As shown in the figure, the Rcr value increased
while the Cg)y decreased with increasing the thickness from
4 nm to 14 nm. These results are indicative of the formation of
dense and compact layers. When the film thickness is increased
to 20 nm, a slight decrease in charge transfer resistance is
observed. The results are consistent with the cyclic voltammetric
results where a similar drop in the blocking effect and AE has
been observed. In order to probe further the thickness depen-
dent interfacial properties of FTO/WO;, we estimated the capa-
citance (Cs¢) of the space charge region, which plays a significant
role in the charge distribution at the semiconductor-electrolyte
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Fig. 5 Estimated (a) blocking effect and AE from CV curves, (b) Rct and capacitance across the WOs film from EIS spectra and (c) carrier density and flat

band potential from the MS plots as a function of WO5 thickness.
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interface. The potential drop in the space charge region, and
therefore, the extent of band bending, referred to as ¢sc (as
depicted schematically in ESL,{ Fig. S3) is given by the following

equation:*”
o —KT(W ’
s¢ = 2e LD

where W is the depletion width associated with ¢sc. The above
equation is valid for bulk semiconductors or semiconductors
having particle size > Lp. For nanostructured materials having
particle size ~Lp, minimal to no potential drop is present in the
space charge region, and band bending can only be obtained for
either very highly doped or relatively lower dielectric constant in
the material. Neglecting the Helmholtz capacitance, the relation-
ship between the Csc and applied potential is given by the well-
known Mott-Schottky equation and has been used to estimate
flat band potential (Egg) as well as charge carrier density (Np) in
TMO films.*®*® For BL thicknesses <9 nm, the slope of MS
curves is similar to that of FTO for WO, implying that the space
charge region fully extends to the FTO region®’ (Fig. S2c, ESIY). It
has been suggested that if the space charge region extends into
the FTO substrate, the slope of the MS plot is determined only by
dielectric constant and the charge carrier density of the FTO
substrate and is not influenced by the film deposited on the
substrate.>® Therefore, estimated Np and Epp parameters for
WO; films having thickness <11 nm, are not representative of
the WO; film. Nevertheless, when the film thickness is increased
to 11 nm and beyond, a drastic change in slope occurs; therefore,
MS plots may be used to determine Erg and Np, values. As shown
in Fig. 5(c), the Egp shifts negatively with increasing layer
thickness >11 nm and stabilizes thereafter, suggesting that
the dielectric properties of the WO; are now dominating the
interface properties. Similar kinds of thickness dependent shift
in Epp have been observed in the ALD TiO, layers and have been
attributed to the fact that the (i) crystalline structure starts to be
detectable for films thicker than ~15 nm and (ii) for thinner
films Egpg is largely determined by the FTO substrate.*' As
reported earlier for WO; film, the position of CB can be
approximated to near Egg*> and therefore, the change in Eyg is
correlated with CB position. This means that the conduction
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band (CB) position of WO; is altered depending on the BL
thickness in regimes, defined as thick film (20 nm) and thin
films (<11 nm). Subsequently, the interfacial properties, such as
the charge transport and recombination, will also differ in both
regimes. Furthermore, the decreased charge carrier density for
films thicker than 11 nm may be related to the onset of bulk
properties of the films as also observed for TiO,, NiO and SnO,
films'®*® and is consistent with CV results, which shows reduced
accumulation current for films thicker than 11 nm (Fig. S2,
ESIt). A drastic change in the carrier density observed for NiO
and SnO, films with thickness reduction has been attributed to
the space-charge effect as governed by ¢sc. For carrier density in
WO; films ranging from 0.5-5 x 10*° cm ™2, the calculated Ly, is
2-4 nm. Therefore, for film thickness up to 14 nm (~ 2-3Lp), the
¢sc is very small and so negligible band bending occurs at the
FTO/WO; interface. This leads to an efficient electron transfer
across the FTO/WO; interface. For films having thickness
~20 nm, which is large compared to the Lp, the films are
bulk-like. This gives rise to large ¢sc and thereby, large band
bending at the FTO/WO; interface. The presence of a barrier,
therefore leads to reduced electron transfer at the FTO/WO;
interface. This, in turn, enhances the recombination probability
at the interface and leads to reduced charge collection at the
FTO/WO; interface. As a result of sluggish charge transport,
thicker films (20 nm) show slightly reduced blocking efficiency
than thinner films (<14 nm).

3.3 Influence of WO; BL thickness on photovoltaic properties

The effect of the variation of the thickness of the blocking WO,
layer on DSCs performance was studied by recording current
density (J)-voltage (V) curves under AM 1.5 illumination and in
the dark (Fig. 6a and b). All devices showed high efficiency
(8% or greater) as compared with the DSC fabricated with spin
cast WO; BL, which shows low efficiency (~7%) due to low fill
factor (FF) and Voc. The DSCs prepared using spin cast films
show good short-circuit current density (Js¢), which is compar-
able with that of WO; LB. This might be due to the fact that the
work function (®) values for spin cast and LB films are close to
the ionization potential of FTO (®gro~5.1 eV) (Fig. S4, ESIT).
Owing to the small difference, ohmic-like contact (Fig. S3a, ESIY)
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(a) Typical photovoltaic (solid circles) and (b), dark characteristics (open circles) and (c) average values of estimated photovoltaic parameters of

three DSCs, fabricated using BL of different thickness along with error values, under 1.5AM illumination (dashed lines are a guide for the eyes).
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forms in both cases, resulting in comparable Jsc. Furthermore,
there is a clear distinction in efficiency for DSCs fabricated with
WO; BL thickness <14 nm and those with thickness ~20 nm.
The Jsc, FF and Vo decrease with increase in the WO; blocking
layer thickness to 20 nm, which is well above the Ly and is
attributable to the bulk-effect.

Similar observations were reported for perovskite solar cells
fabricated with ultra-thin films of NiO and SnO, as interfacial
layers."®*? Seo et al. found that when the NiO film thicknesses
decreased from 10-15 to 2.5-7.5 nm, the short-circuit current
(Jsc ~16.5 to ~18.5 mA cm ) increased due to the improved
conductivity of the film as the thickness is sufficient to be over-
lapped by Lp. In the case of the SnO, film, when the thickness is
increased just above the L, value, improvement in all photovoltaic
parameters was observed due to enhanced charge extraction.”* In
both cases, the device efficiency decreased when the thicknesses of
the buffer layer increased much higher than the Debye length.
Since the thickness of the prepared WO; BL (4-14 nm) is less than
the reported Debye length of WO3, the improvement in the Jsc of
the devices is due to nano effects. Beyond this thickness, the bulk
property dominates and therefore, the Jsc decreases owing to the
decrease in conductivity. Slightly reduced Jsc observed in DSCs
fabricated with 4 nm WO; BL might be due to the limitation of
FTO surface roughness, therefore resulting in slightly reduced
efficiency. Nevertheless, improved Vo and FF obtained for these
devices are attributed to the fact that the thickness of BL is of the
order of Lp. In this case, the WO; film is fully depleted, having
minimal potential drop in the BL, as discussed in the earlier
section for MS analysis. Improved charge transport and reduced
recombination for DSCs employing thinner BLs (<Lp) as com-
pared to that having thicker BL (>Lp) therefore gives rise to
improved Jsc and FF and thereby enhanced efficiency. In all, high
efficiency (~9.79%) observed for DSCs employing 14 nm thick
WO; BL is the result of enhanced carrier density, conductivity, and
the uniform and homogeneous surface, as well as excellent block-
ing behaviour as observed earlier. It is to be emphasized here that
even a 4 nm thick WO; blocking layer is sufficient to serve the
purpose of the blocking layer without compromising Voc and FF.

To further investigate the influence of BL thickness on the
device performance, we focus on dark current (Fig. 6(b)), which
is generally dominated by the recombination through
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nanocrystalline TiO, particles or the exposure of the FTO
substrate to the electrolyte. The onset potential for 4 nm thick
WOg; film is observed at voltage >0.56 V and shifts to lower
potential 0.48 V for a WO; film thickness of 20 nm, in
accordance with the JV data where a slight decrease in FF is
observed for DSCs employing WO; BL. This result is consistent
with earlier reports where thinner films have provided better
charge extraction due to the space charge region effect.*® In all,
DSCs fabricated with BL of thickness <14 nm reveal better Jgc,
FF, Voc and efficiency as well as reduced dark current as
compared to DSCs employed with BL of thickness ~20 nm.

To substantiate the above findings, we investigated the
devices further using impedance spectroscopy, under illumina-
tion as well as dark conditions (Fig. S5, ESIt). Various para-
meters, such as chemical capacitance (C,), recombination time,
series resistance (R;) and charge transfer resistance (Rpy) were
estimated by fitting the Nyquist plots using the electrical circuit
as described in Fig. S5(f) (ESIT)>* and are presented in Fig. 7.
The electrical circuit elements contributing to the photoanode
impedance are dependent on the illumination as well as
potential conditions as discussed below:

(i) EIS under 1 sun:

Under 1 sun illumination and at a potential equal to the
open circuit potential, the chemical capacitance C,, represents
the density of photogenerated electrons arising due to charge
accumulation at the photoanode/electrolyte interface. The esti-
mated R, for DSCs comprises the bulk resistance of the photo-
anode, and contact resistance of all interfaces and the counter
electrode as well as the connection resistance. Since all DSCs
have the same layers except that the thickness of WO; BL is
varied, any variation in R value may be attributable to the FTO/
WO; and WO5/m-TiO, interface. As shown in the figure, a slightly
higher R; is observed for DSCs having BL of thickness <9 nm
than that for BL of thickness 14 nm, and this is attributable to the
presence of fully depleted regions in thinner WO; BL as evident
from MS results discussed earlier in Section 3.2. Furthermore, the
recombination time and C, does not change much for DSCs
fabricated with BL thickness <14 nm. However, a sudden drop is
observed for DSCs based on 20 nm WO; BL. The high values of
chemical capacitance and recombination suggest better charge
transport and reduced recombination, leading to higher Js¢, Voc
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(a) Extracted EIS parameters, Rs, C, and T from the EIS spectra recorded at Voc of the respective device under AM 1.5 sun illumination and,

estimated (b) charge transfer resistance and (c) chemical capacitance from dark EIS curves as a function of thickness of the WO+ BL.
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and FF for DSCs employing WO; BL of thickness <14 nm. This is
consistent with our earlier observation on the CV and EIS results
of WO3;, where a high carrier density and charge transfer resis-
tance is associated with thinner WO; films (thickness <14 nm)
and corroborates JV data.

(ii) Dark EIS:

Under dark conditions, the photoanode is insulating as no
photoexcited electrons are injected into the conduction band of
mesoporous TiO, and the value of recombination resistance is
higher than that in 1 sun. This is due to the fact that the I~ is
formed in proximity to the counter electrode and then it has to
diffuse through the electrolyte before reaching the photoanode.
The chemical capacitance (Cm,TiOZ) in this case arises mainly due
to localized electron trapping states and therefore, accounts for
the electron recombination at the m-TiO,/electrolyte interface.
Furthermore, the Cprio, of the FTO/WO;/m-TiO, photoanode in
the dark shows an exponential rise with decrease in applied
voltage. This is a behavior typical of the photoanode and is related
to the total density of electrons in the dark, n, by the expression:**

ne?

C-1io, = T 4)

where n oc nfgand 1 > p > 0 indicate an exponential distribu-
tion of traps below the conduction band edge.

The parameters deduced from dark EIS measurements,
such as charge transfer resistance (Rpy) and Cm-tio, of the
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m-TiO,/electrolyte interface corroborate the EIS results under
1 sun. A clear distinction between DSCs employing BL having
thickness <14 nm and 20 nm is observed in the Rpr—Vyc and
Cm-io,~Voc curves, as shown in Fig. 7(b) and (c). The Rpy value
increases exponentially with increase in the Vo¢, and is con-
sistent with earlier reports.** Higher Rpr values obtained
for DSCs having WO; BL of thickness <14 nm, suggests
reduced charge recombination at the m-TiO,/electrolyte inter-
face. A high value of Cp,1io, observed in DSCs having BL of
thickness <14 nm indicates reduced charge carrier density and
therefore fewer defects as compared with that of DSCs with BL
of thickness 20 nm.

The improved interfacial properties of the DSCs fabricated
with BL of thickness <14 nm are further confirmed from IMVS
and IMPS measurements (Fig. 8). IMPS and IMVS curves do not
show much variation in shape when the thickness of the BL in
DSC is varied from 4 nm to 14 nm. However, the DSCs
fabricated with 20 nm and spin cast WO; film revealed devel-
opment of an additional arc at lower frequency suggesting
changes in the kinetics at the FTO/WO; interface. The appear-
ance of an arc may be related to recombination due to the bulk-
nature of the film.*> The transport and recombination time for
the device were calculated from the expression T;, = 1/2nf,, and
Tr =1/27fy, respectively, where f, (or fg) is the characteristic
frequency minimum of the imaginary component from the
IMPS (or IMVS) data. The figure reveals that (i) the T,, and Ty
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(@) IMPS, (b) IMVS spectra and (c) estimated recombination time, transport time and collection efficiency as a function of WOz BL thickness; for

comparison data for DSCs fabricated with spin cast WO3 LB is also shown and (d) shows a schematic presentation of the influence of WO BL thickness in

the Debye length regime.
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remain almost constant with thickness for DSCs fabricated
with WO; BL < 8 nm. (ii) A slight improvement in Ty and T,
is observed for DSC fabricated with BL > 14 nm thick film and
(iii) high T, and low Ty values for DSCs employing spin cast
films. These data are consistent with JV and EIS results of DSCs,
which reveal higher Jsc and FF for DSCs based on WO; LB as
compared with that of the spin cast film. Another important
parameter of the DSCs, viz, electron collection efficiency can be
estimated from the T,, and Ty values as follows:

el = (1= 77 x 100 5)
TR
The 7. of the DSCs based on 14 nm WO; BL is much higher
than that of the 20 nm thick WO; BL and spin cast film and
therefore, the best efficiency is obtained for the DSCs fabricated
with 14 nm WO; BL. Since the only difference in fabricated
DSCs is the BL, this suggests that in addition to providing faster
transport and reduced recombination to the photogenerated
electrons, the effect of WO; BL is manifested in the consecutive
m-TiO, layers as well. The thin WO; BL (<14 nm) provides the
ideal surface for the deposition of the m-TiO, for device
fabrication and results in fewer defects. The above findings
can be presented schematically in Fig. 8(d). As shown in the
figure, the Debye length of WO; BL plays an important role in
improving the device performance: DSCs fabricated with BL
having thickness within Ly or near Ly perform much higher
than the devices with thickness much higher than Ly,

4. Conclusion

In summary, we have successfully prepared ultra-thin compact
BL (4-20 nm) in the range of Debye length by the LB method
and studied the influence of BL thickness on DSC performance.
A clear distinction in charge transport and blocking properties
was observed between thin films (<14 nm) and thick films
(>20 nm), which were related to L. Better interfacial proper-
ties as well as charge transport and blocking properties of DSC
devices based on thin WO; blocking layers (<14 nm) result in
higher efficiency up to ~9.79% in DSCs devices as compared to
DSCs having WO; BL of 20 nm thickness (8.02%) as well as
those prepared with spin cast films (7%). This work demon-
strates that employing WO; BL of the Debye length regime
results in the enhancement of the efficiency of the solar cells
without compromising optical transmittance and blocking
properties.
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