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ARTICLE INFO ABSTRACT

Crystalline molybdenum oxide nanoparticles (MoO3; NPs) were prepared by laser ablation synthesis in solution
(LASIS). The resulting MoO3 NPs are water suspended with average size of 23 nm. Subsequently, in order to
MoO3 produce hole injection layers for solar cells, these nanoparticles were processed as thin films onto indium tin
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L?SIS . oxide (ITO)/glass substrate using ultrasonic spray deposition, which allows fast and uniform deposition in large

g tras?tr_nc areas with controllable thickness and low roughness; the water is removed by heating the substrate during the
eposition . . . . . . . . .

HIIE’ processing. Moreover, scanning electronic microscopy images pointed out that the bottom of the films is mainly

composed of small nanoparticles. Thereafter, the optimized glass/ITO/MoOsNPs/PTB7:PC,;BM/Ca/Al solar
cells displayed open circuit voltage (Vo) of 0.75V, short circuit current density (Js.) of 13 mA/cm?, fill factor
(FF) of 58% and power conversion efficiency of 5.7% under AM1.5 illumination, presenting increased stability
when compared with devices having polymeric hole transporting layer. Since LASiS method does not require the
use of organic precursors/solvents, it is a green route to produce MoO3 NPs. In addition, the ultrasonic spray
deposition is a versatile method to achieve homogeneous and transparent thin films from water suspended
nanoparticles. The organic solar cell response pointed out the potential use of these procedures to produce hole
injection layers for photovoltaic devices.

1. Introduction

Several conjugated molecules and copolymers have been applied as
active layer in solution processed organic solar cells (OSCs), reaching
power conversion efficiencies (PCE) at the range of 13% from non-
fullerene based cells [1] and 17.3% from tandem cells [2]. Major lim-
itations for scale up production are related with the difficult processing
in large areas and the low stability of conjugated materials in ambient
atmosphere. To avoid these issues, researchers have focused on new
processing techniques such as roll-to-roll [3], soft embossing [4], spray
[5] and ultrasonic deposition [7,8]. Moreover, spray combined with
ultrasonic deposition is a versatile and low cost method that allows the
processing of thin films with controlled thickness/roughness by opti-
mization of parameters such as concentration of the solution/
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suspension, time of deposition and temperature [7,8]. This method has
been used to process buffer layers, active layers and perovskites for
solar cells [7-11]. In OSCs the use of anode buffer layer (ABL), com-
monly referred as hole transporting layer (HTL) or hole injection layer
(HIL), is a strategic procedure to avoid the leaking of electrons to the
ITO electrode and improvement of the anode electrode efficiency in
collecting/injecting positive carriers, respectively. To work as an effi-
cient ABL the film must be transparent, insoluble in organic solvents, as
well as displays low roughness, good mechanical and proper transport
properties [12,13]. Furthermore, in order to avoid the use of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as HTL,
due its acid character, other materials have been tested such as vana-
dium oxide (VOy) [5], molybdenum oxide (MoOs3) [7,8] and graphene
oxide [14], the reason being to the increased stability of the resulting

Received 11 February 2019; Received in revised form 27 May 2019; Accepted 6 June 2019

Available online 13 June 2019
0927-0248/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2019.109986
https://doi.org/10.1016/j.solmat.2019.109986
mailto:agmacedo@utfpr.edu.br
https://doi.org/10.1016/j.solmat.2019.109986
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2019.109986&domain=pdf

A.E.X. Gavim, et al.

devices [15] when compared with acidic PEDOT:PSS based OSCs. Also,
the films produced with these oxides have the advantage of being water
compatible which allows the sequential processing of water based do-
nor:acceptor inks used as active layer [10].

Specifically, MoO5 HIL reduces charge recombination and resistance
at the interface of photoactive layer and anode. For instance, C.
Dwivedi et al. [6] reported MoO3 films prepared using spray pyrolysis
and ammonium heptamolybdate as precursor in water, with the sub-
strate at temperatures of 500-800 °C. The resulting work function of
MoO3; was 5.1 eV measured by Kelvin probe. The performance as HIL of
these MoO;3 films was compared with thermally evaporated MoOj3
having poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithio-
phene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b] thio-
phenediyl}):phenyl-C,;-butyricacidmethylester (PTB7:PC,;BM) as ac-
tive layer, the devices resulted in comparable PCE values of 2.7% and
2.96%, respectively. N. Chaturverdi et al. [7] reported the preparation
of MoO3 HIL with electric field assisted spray deposition using hepta-
molybdate tetrahydrate as precursor in water, substrate at 400 °C and
applying voltages of 0.5kV and 1kV. The results pointed out that de-
position performed at 400 °C resulted in uniform films with thickness of
25nm. OSCs having poly(3-hexylthiophene) [6,6]:-phenylCe;-butyr-
icacidmethylester (P3HT:PCs;BM) as active layer were produced with
MoO3 HIL deposited by electric field assisted spray deposition (1 kV)
and compared with OSCs having MoO3 HIL deposited by spin coating.
Photovoltaic characterization showed that these devices have similar
performance, resulting in PCEs of 2.71% and 2.51%, respectively.
Kelvin probe analyses showed a slight increase on the work function of
MoO; by applying voltages from 4.9eV to 5.0 eV. This feature may
enhance hole transport between the active layer and the (indium tin
oxide) ITO electrode. Inverted OSCs were produced with MoO3 arrays
deposited by ultrasonic spray coating onto the P3HT:PC¢;BM active
layer [8]. In this case, the ammonium heptamolybdate in water:alcohol
solution was used as precursor for MoO3; compound while the substrate
was heated at 80°C. The multicomponent solvent system enhanced
MoOj3 film morphology and the OSCs showed the highest PCE of 3.4%.
This value is similar to the PCE value of OSCs produced with thermally
evaporated MoO3 (PCE = 3.23%).

In another approach, vanadium triisopropoxide was used as pre-
cursor for VO films produced by electrospray deposition [5]. Improved
photovoltaic device performance was achieved with the ITO/VOy anode
in OSCs devices with PTB7:PC,;BM active layers resulting in a PCE of
7.3%. This improvement was attributed to the smooth surface texture
and favorable chemical composition with higher hole mobility of VO,
produced by electrospray deposition. Synthesized nanoparticles sus-
pensions have also been processed by ultrasonic spray deposition for
production of electrochromic devices based on tungsten oxide (WO3)
NPs [16], silver top electrodes in OSCs [17], among others.

Herein, crystalline molybdenum oxide nanoparticles (MoO3; NPs)
were synthesized through laser ablation synthesis in liquid solution
(LASIS), also known as laser ablation in liquids (LAL) [18,19], which is
considered a physicochemical combined top-down and bottom-up
method. One of its main advantages over other methods resides in
nanoparticles production in pure liquids without the aid of stabilizing
molecules. In short, a laser pulse interacts with a target immersed in
liquid, thus generating a plasma plume on the target surface. This
plasma is composed of highly ionized or atomic species and as the
plume abruptly collapses, it leads to nanoparticles formation [18,19].
Generally, laser ablation in water leads to oxidized nanoparticles and
the process produces defects in the synthesized colloids which are es-
sential to provide surface charge and thus electrostatic stabilization.
The resulting MoO3; NPs were processed as thin films onto ITO/glass
substrates using ultrasonic spray deposition upon temperatures at the
range of 80 °C-150 °C. The performance of the MoO5 NPs as HIL in OSCs
was also evaluated.
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2. Experimental

Materials: PEDOT:PSS (1000 S/cm, BaytronQ), PTB7 (Solarmer) and
PC;;BM (American Dye Source, Inc).

2.1. Preparation of water suspended MoO3 NPs

MoOj3 NPs were prepared using a Q-switched Quantronix Model 117
Nd:YAG laser (1064 nm), operating at 1.5kHz and delivering 200 ns
pulses at the fundamental harmonic. The laser beam was focused with a
50 mm lens on a molybdenum target (Williams Advanced Materials,
5N), producing a 40-um spot size. The laser power was set at
9 x 10°J/m? The target was placed 3 mm under bidistilled water and
the total water amount was maintained at 15 ml. The irradiation time
was of 5min, and the process was repeated four times under the same
experimental conditions to yield a total colloidal volume of 60 ml.

The optical characterization of nanoparticle colloids was performed
with an Ocean Optics Model USB2000 + spectrometer in the range
from 200 to 1000 nm with 2 nm resolution. Dynamic light scattering
(DLS) with a Microtrac Nanotrac Ultra model was used for hydro-
dynamic particle size determination. Transmission electron micro-
graphs (TEM) were obtained on a JEOL JEM1200EX-II, operating at
120 kV, using Formvar/Carbon mesh 200 Cu grid substrates, in which
drops of the nanoparticle suspension were deposited and let to dry.
Selected area electron diffraction (SAED) was employed to crystal
structure determination with the same apparatus used for TEM. Raman
scattering spectra were obtained with a confocal Raman Alpha 300R
microscope from WiTec. Laser excitation at 532 nm was employed to
check Raman scattering response. Only freshly prepared nanoparticles
were used.

XPS (X-ray photoelectron spectroscopy) measurements were per-
formed using a VG Microtech ESCA 300 system with an Al X-ray anode,
a 250 mm semi-hemispherical energy analyser, 9 channel detectors and
a base vacuum of 3 x 10~ ' mbar. The system energy resolution was
0.8 eV. Binding energy referencing was done using C-1s binding energy
of 284.5eV [20]. A 1 ml drop of the LASiS synthesized molybdenum
colloidal suspension was placed on the surface of a Si wafer and let to
dry. The resulting film was introduced in the XPS vacuum chamber for
analysis.

2.2. Thin film deposition of MoO3 nanoparticles using ultrasonic spray

The deposition of MoO3 HIL was carried out using an ultrasonic
spray coating system (Scheme 1). The as synthesized MoO3z NPs sus-
pension was diluted in ultrapure water (1:8 v/v) upon ultrasonic stir-
ring during 5min at room temperature. In this work, the nozzle re-
mained in a fixed position, placed about 0.3cm over the heated
substrate at temperature range of 80°C-150°C and spray area of
~9 cm?. Both suspension volume and deposition rate can be adjusted in
accordance with the size of the substrate. Moreover, the setup allows
mechanical translation movement in a plane parallel to the substrate or,
in the case of flexible substrates; these can be dislocated, with a proper
velocity, using a roll-to-roll system (R2R) coupled to a heater, these
studies are underway. Fig. S1 shows a schematic representation of the
spray deposition coupled to R2R system and an image of MoO3 NPs
spray deposited onto PET/ITO substrate, while it was horizontally
moved and heated by the R2R system. In order to process the MoO3 NPs
HIL onto the glass/ITO substrate, 4 mL of this suspension was placed
into the ultrasonic vessel, then injected into the spray nozzle at 0.5 ml/
min under 1.7 MHz for 40-100s. After, the flow of MoO3; NPs was in-
terrupted and the substrate remained heated during 120 s for residual
water removal. Topography was analysed by scanning electronic mi-
croscopy (SEM), atomic force microscopy (AFM) and cross section
profiles which were performed along the surface. SEM images were
acquired using a Zeiss Sigma field emission SEM equipment operating
at 2kV and work distance of 8.5 mm. Topography and phase images
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Scheme 1. Ultrasonic spray deposition from water suspended MoO3 NPs.

were acquired by using an AFM Shimadzu SPM-9700 operating in dy-
namic mode using a silicon tip with frequency of 285 kHz and force
constant of 42 N/m (arrowNCR-10 from Nano World). Additional to-
pography, thickness and roughness measurements were performed
using a 3D optical surface profiler (Taylor Hobson) and/or a Dektak
profilometer. The resulting MoOs film has thickness between 5 and
20 nm and root mean square roughness (R;s) of 4 = 2nm.

2.3. Production of photovoltaic devices

In order to evaluate the performance of MoOs; NPs HIL in bulk
heterojunction OSCs, this material was processed as thin film onto
cleaned and pre-patterned glass substrate coated with a thin layer of
ITO (8-12 Q/sq, thickness 120nm, Delta Technologies), though a
shadow mask using the procedure described above. Prior the deposition
of MoO3; NPs, the glass/ITO substrate was cleaned with sequential
washing in ultrapure water, Extran, acetone and isopropyl alcohol [21].
Further, the active layer composed of PTB7:PC,;BM (1:1.5, 20 mg/mL
in chlorobenzene, 3% v/v 1,8-diiodooctane) was deposited onto the
glass/ITO/MoO3NPs by spin coating at 700 rpm during 30 s followed by
2100 rpm during 60s or 1000 rpm during 60s, at room temperature
under inert atmosphere; these PTB7:PC,;BM films exhibited thickness
of about 80 nm and 110 nm respectively. Sequentially, the active layer
was washed with 100 pL of anhydrous methanol upon 4000 rpm during
40s. Finally, the anode composed of Ca (15nm) and Al (70 nm) was
deposited by thermal evaporation. The area of the device was of
4.5 mm?. Moreover, a reference device (without HIL or HTL) and a si-
milar device, in which PEDOT:PSS film acts as HTL, were built for terms
of efficiency comparison. For this purpose, 30 nm of PEDOT:PSS was
deposited by spin coating onto the glass/ITO substrate at 2000 rpm
during 60s and dried at 140 °C during 15 min in vacuum. The device
response was evaluated upon illumination of 100 mW/cm? using a
Solar Simulator Oriel Class AAA coupled to a filter AM 1.5G. The J-V
curves were acquired using a Keithley 2400 electrometer.

3. Results and discussion
3.1. Synthesis and characterization of the MoO3 NPs

Size control, low content of impurities and stability are among the
issues related with synthesis of nanoparticles in solution [18,19].
Mainly, for application as HIL, these nanoparticles must be chemically
stable, display low size distribution and proper optical/electrical
properties. Due this, to ensure that the MoO3; NPs are suitable for ap-
plication as HIL, several analyses were performed to evaluate these
features, the results are presented and discussed as follow.

TEM images were acquired to evaluate the morphology of the MoO3
NPs, pointing out the presence of small (less than 10 nm), spherical and
non aggregated particles from the aqueous colloidal dispersion, Fig. 1a.
In addition, SAED pattern is also presented, indicating that these
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Fig. 1. a) TEM image and SAED pattern acquired from MoO3 nanoparticles and
b) size distribution measured by DLS.

nanoparticles are crystalline, whose phase can be indexed to the or-
thorhombic phase of MoO3 [22]. The hydrodynamic diameter measured
by DLS is shown at Fig. 1b and corresponds to a relatively broad size
dispersion, which is characteristic of most laser ablation nanoparticles
production processes [19], with an average diameter of 23 nm.

The stoichiometric composition of the HIL is an important feature
for this application because this parameter impacts directly onto the
work function and electrical properties [23,24]. To further characterize
the chemical features of MoO3 NPs, Raman and XPS spectra were taken
of a dried droplet (1 uL) of the nanoparticles suspension. Fig. 2a dis-
plays the vibrational spectrum taken with a 532nm laser excitation.
The peaks at 667, 820 and 995 cm ™! are a clear indication of MoOs, as
reported at the literature [25,26]. The stretching frequencies at
995cm ™! and 821 cm ™! are attributed to the Mo-O and the inter-
mediate bridging O-Mo-0O bonds, respectively. A low intensity shoulder
at 667 cm ™! may arise from the symmetric stretching vibration of the
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Fig. 2. a) Raman and b) high resolution XPS spectrum of Mo 3d binding energy region acquired from MoO3 NPs film produced by drop casting method.

bridging O-Mo-O along the (001) lattice direction. The bending modes
are located in the medium frequency range, whereas the external modes
appear at below 200 cm ™ *.

Moreover, XPS regarding Mo 3d spectrum can be fitted by one 3d
doublet in the form of a Gaussian function, corresponding to mo-
lybdenum with a single oxidation state. These results are shown in
Fig. 2b. The 3ds/, level at 232.9 eV and 3dj3,, peak centred at 236.0 eV
are typical values of 3d doublet of Mo®*, indicating that the particles
present the MoO3 phase [27-29], which corresponds to the more stable
oxide phase of this element. This record is in accordance with the SAED
and RAMAN results presented at Figs. 1a and 2a, respectively.

UV-Vis absorbance/transmittance an diffuse reflection analyses
were performed to obtain the band-gap energy of the MoOs; NPs. For
comparison purposes the absorbance spectra acquired from MoO3; NPs
in water and thin films are presented at Fig. 3. The absorbance spectra o
MoOj; films exhibits absorption bands at 193 and 230 nm; a shoulder is
also observed at 325nm which corresponds to a surface plasmon re-
sonance of Mo [30]. The optical band gap was evaluated from the Tauc-
plot [6] presented at the inset of Fig. 3. Calculated band gap value is
found to be 3.4 eV, this value is in accordance with those reported for
MoOj3 nanostructures [7], which is blue-shifted when compared with to
that of bulk MoOs (~2.9 eV) [31]. This shift has been attributed to the
nanostructured nature of the films, where charges are localized in
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Fig. 3. UV-Vis absorbance spectra of MoO3 nanoparticles synthesized by laser

ablation in water (dotted line) and film (solid line). Inset: Tauc plot used to
determine the energy band gap.

individual nanocrystals, which results in increased band gap energy
[32]. MoOs film acts as electron extractor or hole injector material, in
OSCs this function is determined by the relative energy position at the
junction [33]. In this work, the MoO3 NPs electrode acts as hole injector
material because the work function of 5.1 eV promotes the hole injec-
tion at the active layer. Wider band gap in MoOs; electrodes is beneficial
to its action as buffer layer in OSCs, since it will reduces the energy
barrier for hole injection/extraction between the active layer and ITO
electrode [33]. Considering the AM1.5G spectrum, there is minor
contribution of photons at the wavelength around 3.4 eV (~360 nm);
therefore, the MoOs film does not contribute to the generation of
photocurrent. However, its high transmittance at the visible range
(83-89%) allows proper performance as HIL and creation of excitons at
the PTB7:PC,;BM active layer.

3.2. Processing MoOs NPs as thin film by ultrasonic spray deposition

Prior the testing as HIL, the MoO3 layer was optimized by the
changes in parameters such as concentration, time and temperature
during the ultrasonic spray deposition. It was found that the as pre-
pared MoO3; NPs suspension is high concentrated and, due this, the mist
is not formed at the frequency range of the ultrasonic equipment. This
problem was overcome by diluting the initial NPs suspension in ultra-
pure water at the ratio 1:8 (v/v).

MoO3 NPs films deposited onto glass substrate were analysed by
SEM and optical profilometer, these images are presented at Figs. 4 and
S2, respectively. The results pointed out that both time and temperature
have influence on the resulting morphology, for instance: films pro-
duced at temperature range of 80-150 °C and short time of deposition
(~40-60s) presented uniform covering; while the films produced at
temperature range of 100-150 °C and longer times (> 60s) were not
homogeneous, presenting cracks or aggregates of NPs along the surface.
Therefore, time and temperature parameters must be controlled in
order to achieve high-quality MoO3 NPs films. In order to ensure the
homogeneity, films produced onto substrates with dimensions of
1.5cm X 2.5cm were analysed at the centre and lateral regions, the
results showed that the deposition is uniform over the substrate surface
(Fig. S3). Considering the application as HIL in OSCs, the films pro-
duced substrate heated at 80-120 °C during 40-60 s presented proper
covering, thickness and low roughness, being suitable to be used as HIL
in OSCs. AFM image acquired from MoO3 NPs film is shown at Fig. 5,
where the corresponding phase image confirms the uniform distribution
of the spherical particles onto the substrate. Cross section profiles ac-
quired using Dektak, optical profilometer and AFM methods were also
compared, these profiles showed that this film is formed by particles
with height ranging from 5 to 20 nm, being predominantly sub-10 nm
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Fig. 5. a) Height, b) phase AFM images and c) cross section profile acquired
from MoO3; NPs film produced by ultrasonic spray deposition (60s) with the
substrate heated at 120 °C.
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Fig. 6. Thickness versus time of ultrasonic spray deposition with substrate
heated at (77) 80 °C and () 120 °C.

sized (Fig. S4). This outcome, when compared with the size distribution
result presented at Fig. 1b, point out that the initial mild flux is formed
mainly by small particles, this selectivity results in films with variable
grain size along the thickness and higher roughness when adopting
longer times of ultrasonic deposition [34]. This can be also verified at
Fig. 4, which shows the comparison between the MoO3 NPs films pro-
duced at times of 40s and 60s, while Fig. 6 presents the thickness
versus time of deposition with the substrate heated at 80 °C and 120 °C.
Films produced at 80 °C presented average thickness from 2 to 7 nm
(Rims = 0.6-2.5nm), while at 120°C the thickness increases from
~5nm up to~53nm (R,,s = 2-6 nm) when the time of deposition
changes from 40s to 180s, respectively. Since MoOs; are multi-
functional materials, besides the HIL function, thicker films can be used

in other optoelectronic devices. For instance, MoO3 films have been
used as sensing layers in biosensors, S. Balendhran et al. [35] used
nanostructured MoOs films with thickness between 80 and 220 nm in
field effect platform to monitor the effect of Coulombic charges using
bovine serum albumin (BSA).

3.3. Evaluation of MoO3 NPs as hole injection layer in organic solar cells

Previous reports about MoOj3 films thickness effect on photovoltaic
response of organic solar cells pointed out that the that only 1 nm-thick
MoOs3 is enough to exhibit highly efficient devices and that increasing
the thickness up to 15-20 nm does not change the device performance
[36,37]. However, devices prepared with MoOs films with thickness
higher than 15-20 nm showed decrease of Js. and FF parameters, re-
sulting in lower power conversion efficiency. Moreover, in order to
evaluate the electrical properties of MoO3 NPs film, the J-V curve was
acquired from ITO/MoO3 NPs (120 nm)/ITO device (Fig. S5); the cal-
culated resistance value is ~17 MQ, which is lower than those reported
for MoOQj film produced by spray deposition (R = 45 x 10° Q) [38] and
at same order of values reported for MoOs film (150 nm) [39] and
MoOs film produced by sol-gel method [40]. Therefore, as described
previously and to avoid increase the series resistance at the OSC [41],
the MoOs; NPS films prepared upon ultrasonic deposition during
40-60 s at 80 °C-120 °C were chosen to be tested as HIL.

Scheme 2 shows the energy level diagram and the sequence of layers
at the OSC produced with MoO3 NPs as HIL. In order to understand the
role of MoO3 as hole injection layer, in accordance with M. Kroger et al.
[42] and J. Meyer et al. [43,44], the Fermi level is pinned against the
conduction band minimum due to oxygen vacancy defects, indicating a
n-type material. Therefore, due the low energy barrier between the
MoO3/PTB7 (< 0.5 eV), the injection of holes from ITO to the organic
semiconductor layer results from electron extraction from P7B7 HOMO
through the MoOj3 conduction band, and then into ITO, instead of hole
transit from ITO through the MoO3 valence band. The MoO3 reduces
the energy barrier for negative charge extraction between the ITO and
the HOMO level of active layer and thus, enhancing the hole injection.

.1 = el
photons = /\ Ca
44 e e
\ —
e e Al
354 110 - @@ Ca
= PTB7
2.6 B B PTB7:PC,,BM
Iy i MoO, NPs
ey ITo
-8 ﬁ
9- M003 ﬁ ﬁ

Light

Scheme 2. Energy level diagram and structure of ITO/MoO3NPs/
PTB7:PC;;BM/Ca/Al device, where PTB7 and PC,;BM act as electron donor
and acceptor, respectively. At the energy level diagram the blue color denotes
the electron extracted from P7B7 HOMO to the MoO3 conduction band, while
the red color denotes the photogenerated electron-hole pair (exciton).
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Fig. 7. J-V curves measured under AM1.5G illumination from glass/ITO/
MoO3NPs/PTB7:PC,;BM/Ca/Al devices. J-V curves acquired from devices
without HTL or having PEDOT:PSS as HTL are also presented for comparison.
The short-dashed lines are theoretical fittings using Equation (1).

Upon illumination through the ITO/MoO; transparent electrodes,
bounded electron-hole pairs (excitons) are created at the PTB7:PC,;BM
active layer, migrate along ca. 10nm and then dissociate. After
reaching the interface donor:acceptor, the negative charge is mostly
transferred to the Ca—Al electrode through the LUMO level of electron
acceptor PC,;BM [6].

The OSCs were illuminated through the ITO side and, prior the light
achieves the active layer; there is a loss due diffuse reflection (ca. 15%)
at the visible range (Fig. S4). However, this loss was considered during
the calibration of solar simulator at the intensity of 100 mW/cm? per-
formed using a glass plate. J-V curves acquired at dark from ITO/
MoO3NPs/PTB7:PC,;BM/Ca/Al devices showed diode characteristic
behavior with rectification factor of about 107, in the —2 to 2V range.
Fig. 7 displays similar measurements performed under illumination
showing that the device having MoO3; NPs as HIL exhibits a promising
photovoltaic response when compared with the reference device
(without HTL) or having PEDOT:PSS as HTL. Table 1 summarizes the
photovoltaic parameters obtained from these devices and varying the
experimental conditions to produce the MoOs; NPs film layer. The
highest PCE obtained from the MoO5 device was 5.7% somewhat lower
than that exhibited by the device produced with PEDOT:PSS as HTL,
which reached 6.4%, but is higher from the reference device, which
displayed PCE of 4.8% (see Table 1).

The replacement of PEDOT:PSS as standard HTL by another mate-
rial, can in principle change the electrical characteristics of the pho-
tovoltaic cell, which certainly modifies the values of the series and
shunt resistances of the device. To better analyze this exchange effect,
adjustments of the J-V curves under illumination for all devices here
investigated making use of the expression for the equivalent circuit of a
solar cell of the heterojunction type [45]:

Table 1
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V + Rsl
Z T RST _Iph(V)
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In this equation, I; is the diode reverse saturation current, I, is the
photocurrent, g is the electron charge, R; is the series resistance, Ry, is
the shunt resistance, kg is the Boltzmann constant, T is the temperature,
and n is the diode ideality factor. Taking into account that the bimo-
lecular recombination effect dominates the diffusion process, we as-
sume n = 2. Thereby, the only factors used as adjustment parameters
are the series and the shunt resistances. The fittings are shown in Fig. 7
and the obtained values for R and Ry, are shown in Table 1. The results
pointed out that the exchange of PEDOT:PSS by MoO; causes increases
in the value of the series resistance, and reductions in the shunt re-
sistances. In principle both variations were negative for a performance
improvement of the devices, but even so the performance of the solar
cell with MoO3 NPs was close to the traditional one built with PED-
OT:PSS. That is, when comparing the photovoltaic MoO3; NPs-device of
best performance (5.7%) with that of best performance using PEDOT:
PSS (6.4%), there is a 6-fold increase in the series resistance and a 58%
reduction in the shunt resistance. This indicates that the next steps
should then focus on decreasing the series resistance and increasing the
shunt one, and thereby moving toward the goal of obtaining more ef-
ficient cells than traditional ones with PEDOT: PSS.

Moreover, PEDOT:PSS has been used for more than a decade as HTL
and OSCs produced with MoOs films show longer lifetime when com-
pared with devices produced with PEDOT:PSS [46,47] and without
HTL, see Fig. 8. The OSC degradation due PEDOT:PSS has been at-
tributed to its hygroscopic and acid character that contribute to reduced
stability in air [47] and without HTL there is increased diffusion indium
from the ITO electrode into the active layer [48]. Therefore, these
MoO3 NPs have potential for such a function and research in this di-
rection must go forward. Devices produced with thicker MoO3 NPs, for
instance during 60 s and substrate at 120 °C, presented a reduction in
the Js, which can be explained by the appearance of impedance gen-
erated at either the ITO/MoO3; or at MoOs/PTB7-PC,1BM interfaces.
Moreover, since the V. value is mostly defined by the work functions of
the electrodes and by the difference between the lowest unoccupied
molecular orbital (LUMO) of the PCBM and the highest occupied mo-
lecular orbital (HOMO) of the PTB7, the reduction of V. in these de-
vices may be related with diffusion of MoO3 nanoparticles inside the
active layer, which is not ruled out, or due the influence of higher
roughness of MoO3 NPs films (R,,s = 4 = 2nm) than that of PED-
OT:PSS films (R;ns = 1 = 0.3nm), these features can influence the
energies of positive and negative charge carriers. Similar reduction on
Vo was reported for OSC having solution processed MoOj films
(Ryms = 3nm) as HIL and poly-hexylthiophene:indene-C60 bisadduct
(P3HT:ICBA) as active layer [46]. Moreover, the OSCs having MoO3
NPs as HIL showed fill factor parameters at the range of 58-60%, that
point out low series resistance at the device [49]. Additionally, the
resulting PCE of 5.7% is promising when compared with the PCEs re-
ported for OSCs having MoOs; HIL processed by spray/ultrasonic
methods using organic precursors [7,8] and having the same active

Photovoltaic parameters obtained from OSCs having MoO3 NPs HIL deposited by ultrasonic spray or PEDOT:PSS HTL deposited by spin coating, with PTB7:PC,;BM

as active layer.

Anode Buffer Layer Thickness PTB7:PC,;BM (nm) Voc (V) Jsc (mA/cm?) FF (%) R, (Qem?) Rqn (Qcm?) PCE (%)
Reference 110 0.65 12.2 61 1.7 294 4.8
MoO3 NPs (405/80 °C) 110 0.75 13.0 58 6.0 402 5.7
MoO; NPs (405s/120 °C) 110 0.70 13.9 59 2.7 300 5.5
MoO3 NPs (405/150 °C) 110 0.72 12.1 60 3.7 380 5.2
MoO3 NPs (605/120 °C) 110 0.66 11.8 59 2.6 324 4.6
MoO; NPs (605s/120 °C) 80 0.64 9.4 58 2.5 294 3.5
PEDOT:PSS 80 0.76 10.5 63 1.3 373 5.0
PEDOT:PSS 110 0.77 12.3 68 1.1 546 6.4
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Fig. 8. Normalised photovoltaic parameters acquired from OSC having MoO3 NPs as HIL, reference (without HTL) and PEDOT:PSS as HTL versus aging time in air.

Table 2

Photovoltaic parameters reported by C. Dwivedi et al. [6].
Anode Buffer Layer Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Ref.
CoSP-MoO5" 0.52 15.4 34 2.7 6
e-MoO3" 0.52 13.4 42 2.96
PEDOT:PSS 0.61 15.0 48 4.4

? MoOs film prepared by spray pyrolysis using organic precursor.
' Thermally evaporated MoO3 film.

layer PTB7:PC;;BM [6], Table 2. Therefore, it is important to empha-
size that the MoOs; NPs prepared by LASIS have small size distribution
(ca. 23 nm); the resulting water suspensions are stable over the aging
time, being fast and selectively processed as thin film using the spray
ultrasonic deposition at low temperatures. These features avoid the NPs
aggregation previously reported in MoO; films processed by spin
coating [44].

4. Conclusions

In summary, the results demonstrated that MoO3 NPs, presenting
average size distribution of 23nm in aqueous colloidal suspension,
were successfully prepared by LASIS synthesis, which is a green route to
produce nanoparticles because circumvent the use of organic pre-
cursors/solvents and stabilizing molecules. TEM results pointed out the
presence of sub-10 nm sized particles. SAED pattern, XPS and RAMAN
results confirmed the crystalline character and the MoO3 phase. Kelvin
probe pointed out that the work function is 5.1 eV; this value allows the
use of MoO3 NPs as hole injection layer with ITO electrode in organic
solar cells, providing proper energy alignment to inject holes at the
device. The ultrasonic spray deposition method was employed to pro-
cess uniform thin films in large areas with controllable thickness. The
photovoltaic response of glass/ITO/MoO3sNPs/PTB7:PC,;BM/Ca/Al
pointed out the potential of these procedures to produce HILs for
photovoltaic devices.
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