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Highly efficient organic solar cells enabled by ultraviolet-ozone:oso

treated molybdenum oxide hole transport layers.
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The application of ultraviolet ozone (UV-Ozone) treatment of thermally evaporated
molybdenum oxide (MoOx) as a hole transport layer (HTL) in non-fullerene acceptor (NFA)-
organic solar cells (OSCs) has markedly improved the charge carrier transport. As a result, we
report the power conversion efficiency (PCE) of PM6:Y 6-based OSCs has been improved from
14.26% for pristine to 15.06% for UV-Ozone-treated devices. This PCE enhancement is
attributed to increased hole mobility, more balanced mobilities ratio and higher direct current
(DC) conductivity. Additionally, the formation of a more favourable interface between MoO
and the PM6:Y6 due to the UV-Ozone exposure, resulted in longer charge carrier lifetimes.
Light soaking experiments at 55 °C in a nitrogen environment demonstrated superior
operational stability with pristine and UV-Ozone-treated MoOx, retaining 58% and 65% of
their initial PCE after 100 hours, respectively. This stands in contrast to devices based on
PEDOT:PSS that deteriorated to 23% of their initial PCE after half the time period. This
strategy is an enabler towards simultaneous improvement in performance and stability
compared to the control PEDOT:PSS-based cells, presenting high efficiency but significantly
inferior lifetime stability. The broad applicability of UV-Ozone treatment of thermally
evaporated MoOx HTLs was further validated through the fabrication of OSCs with a PM6:L8-
BO photoactive layer, achieving a peak PCE value of 16.85%. These findings indicate
significant advancements in the use of transition metal oxides in NFA-based OSCs and

highlight potential new device architectures for organic electronics.
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In recent years, intense research to develop novel materials used for organic solar cells (OSCs)
has resulted in power conversion efficiency (PCE) values of over 19%.!>Among the emerging
photovoltaic technology candidates, OSCs have shown great potential for a plethora of
applications where high power-per-weight (PPW) is the key requirement.* Despite the

)5—10

successful deployment of novel electron transporting layers (ETLs and bulk-heterojunction

(BHJ) photoactive layers>!!"!2, the progress of hole transporting layers (HTLs) remains limited.
Up to date, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
carbon based derivatives!'> 13

(p-i-n) architecture.'®!” However, the acidic nature of PEDOT:PSS (pH = 1) and its

remain the commonly used materials for OSCs with a standard

hygroscopicity'® are known for reducing the long-term operational stability of OSCs which
commonly rely on indium tin oxide (ITO) as the transparent electrode.!®?° Hence, a stable and
efficient HTL alternative is needed for the potential commercialization of NFA-based OSCs.?!

Based on the potential for superior environmental stability**2°, transition metal oxides
(TMOs) such as molybdenum oxide (MoOx)?®, nickel oxide (NiOx)?’, tungsten oxide (WO3)*®
and vanadium oxide (V20s)*° have been successfully used as replacement of PEDOT:PSS in
OSCs. Among the TMOs, MoOx has received much attention due to its high optical
transmittance in the visible wavelengths, suitable work function (WF), and its versatile easy

processing with vacuum- or solution deposition techniques.>**! Even though evaporated MoOx

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

has already been studied as an HTL for fullerene-based OSCs*2, it has not been deployed
successfully in non-fullerene acceptor (NFA)-based systems yet. Today a handful of reports
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show the use of MoOx as HTL in NFA OSCs, however there are still areas for development on
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the findings of these studies. More specifically, the work conducted by Brinkmann et al.*
demonstrated a 16.5% PCE on binary OSCs where evaporated MoOx was used as an HTL. In
the report, the PCE was measured for devices with an active area of 0.017 cm?, which is smaller
than the standard device areas shown in the literature (~0.1 cm?) and accepted by most
international centres for standardization (NREL, Fraunhofer etc). Furthermore, studies
presented by Yaozhao Li et al.*® and Wisnu Hadmojo et al.** showed poor reproducibility when
evaporated MoOx was used as the HTL and with approximately 20% PCE loss compared to the
reference samples based on PEDOT:PSS. The authors observed lower PCEs of the used pristine
MoOx films as HTLs compared to PEDOT:PSS in NFA-based OSCs and ascribed this to an
inferior charge transport and collection probabilities at the HTL/ITO interface. This inferior

charge transport/collection behaviour is directly related to a poor hole mobility and an
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compared to its PEDOT:PSS counterpart.

Herein, we report a facile universal post-deposition treatment on MoOx films that leads
to increased charge carrier mobilities, more balanced mobilities ratio and improved energetical
alignment at the TMO/active layer interface for NFA-based OSCs. In this respect, we
investigate the influence of different HTLs on binary PM6:Y6 BHJ-based OSCs. Devices
utilizing the UV-Ozone treated MoOx HTL demonstrate improved PCE values peaking at
15.06% compared to the pristine MoOx HTL with a maximum PCE of 14.26%, respectively.
This identified enhancement is ascribed to a significant improvement in the hole mobility and
mobilities ratio with a more favourable energy level alignment between the treated MoOx
HTL/ITO anode electrode upon the ultraviolet ozone (UV-Ozone treatment). Furthermore,
stability studies indicate that OSCs containing PEDOT:PSS experience a rapid performance
degradation to 23% of their initial PCE after 51 hours of continuous light soaking at 55 °C in
nitrogen atmosphere. By replacing PEDOT:PSS with pristine and UV-Ozone-treated MoOx we
observed a significantly reduced device degradation, which provides for more stable interfaces,
thus maintaining ~58% and 65% of their initial PCE after 100 hours. We also explored the
applicability of UV-Ozone treated MoOx HTL by employing a state-of-the-art binary
photoactive blend PM6:L8-BO and showed that the devices achieved PCE values of 16.85%.
Our study sheds light on the mechanisms underlying the performance and mainly the stability

of MoOx-based devices, which is the key parameter towards the commercialization of OSCs.
Experimental
Materials

All chemicals used in this paper were obtained commercially and used without further
purification. The traditional hole conductive polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS Al4083) was obtained from
(Ossila, UK) and Molybdenum (VI) oxide from (Sigma-Aldrich, UK). The poloymer donor
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b’]dithiophene))-
alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[ 1',2'-c:4",5'c’ |dithiophene-4,8-dione) |
(PM6), the non-fullerene acceptors (2,2'((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢e]thieno[2,"3":4’,5 |thieno[2',3":4,5] (Y6) and 2,2'-
((2Z,2'2)-((12,13-bis(2-ethylhexyl)-3,9-(2-butyloctyl)-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e]thieno[2",3"":4°,5']thieno[2',3":4,5] pyrrolo [3,2-g]thieno[2',3":4,5]thieno [3,2-b]indole-2,10-
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diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))ss bt rssooen
dimalononitrile (L8-BO) were purchased from (Solarmer Inc). Also, (poly((2,7-bis(2-
ethylhexyl)-1,2,3,6,7,8-hexahydro-1,3,6,8-tetraoxobenzo[Ilmn][ 3,8 Jphenanthroline-4,9-diyl)-
2,5-thiophenediyl(9,9-bis(3-(dimethylamino)propyl)-9H-fluorene-2,7-diyl)-2,5-

thiophenediyl)) (PNDIT-F3N) was purchased from (Solarmer Inc, China). 1-chloronaphthalene

(CN) and 1,4 Diiodobenzene (DIB) were obtained from (Sigma-Aldrich, UK) and (Merck, UK)
respectively. Chloroform (CF) and methanol (MeOH) were purchased from (Thermofisher,

UK) and (Sigma-Aldrich, UK) respectively.

Substrate Cleaning and Preparation

Patterned indium tin oxide (ITO)-coated glass substrates purchased from Huananxianhcheng
Ltd (China) (20 mm x 20 mm with a thickness of 1.1 mm and a sheet resistance < 15 Qsq)
were first cleaned by sonicating in a 2% v/v Hellmanex in water solution for 20 min. The
substrates were then rinsed with deionized water and sonicated in water for a further 15 min.
Thereafter, they were sequentially cleaned in acetone, 2-propanol, and methanol in an
ultrasonic bath at = 40 °C for 15 min each and blow-dried with nitrogen. Before coating the
substrates were subjected to an UV-Ozone process (Jetlight Company In. MODEL 24) for
15 min before fabrication. On top of the precleaned substrates a ~25-nm-thick PEDOT:PSS
thin film was deposited onto the indium tin oxide surface by spin-coating and baked at 150 °C

for 15 min. For the molybdenum-based devices the treated ITO substrates were loaded to an

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

evaporator (Moorfield) placed outside the glove box and the precursor of molybdenum (VI)

oxide was thermally evaporated at low rates to obtain a ~ 5-nm-thick MoOx thin film. Then the

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

samples were transferred again for UV-Ozone (Jetlight Company In. MODEL 24) for 2.5 min

(cc)

exposure before fabrication. The solutions of PM6:Y6 (1:1.2 w/w, 16.5mgml™! in total), in
chloroform with 1-chloronathalene (0.5% v/v) and PM6:L8-BO (1:1.2 w/w, 16.5mgml ™! in
total) in chloroform with 1,4-diiodobenzene as a solid additive (the content of 1,4-
diiodobenzene is 50% of the total mass of donor and acceptor) were advance and then spin-
coated on top of the PEDOT:PSS layer. The prepared films were treated with thermal annealing
at 100 °C for 10 min for the PM6:Y6 cells and 85 °C for 5 min for the PM6:L8BO respectively.
After cooling to room temperature, a ~5-nm-thick PNDIT-F3N (0.5 mg ml™! in methanol with
0.5% acetic acid, v/v) was spin-coated on the top of the active layer. Then, the samples were
transferred into the evaporating chamber Angstrom EvoVac system inside the glove box and a

100-nm-thick silver (Ag) layer was thermally evaporated on the PNDIT-F3N layer.
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[-V characteristics of the fabricated solar cells were evaluated using an Enlitech SS-F5-3A
(Class 3A) solar simulator with a Keysight 2901 A source measure unit acting as the electrical
load. The calibration of the simulator was carried out using a KG-5 filtered Si diode. A mask
with 0.09 cm? aperture area was used to define the active area of the device. The physical area
of the device (the overlap between the top and bottom electrodes) was app. 0.25 cm?2. All
devices were measured without any encapsulation under ambient conditions at a temperature
of ~ 25 °C and relative humidity of 30-35%, with a light intensity of 100 mW/cm? (AM1.5G),
calibrated using a reference cell purchased from Fraunhofer ISE CalLab (ISE001/013-2018).

External Quantum Efficiency (EQE), Internal Quantum Efficiency (IQE)

EQE measurements of the fabricated devices were carried out using a Bentham PVE300
system. All measurements were carried out under ambient conditions. The monochromatic light
intensity was calibrated by a traceable silicon reference detector (300-1100 nm) from the
national metrology institute (NMI). All devices were measured without any encapsulation
under ambient conditions at a temperature of ~25 °C and a relative humidity of 30-35%. For
each device, a 0.16 cm? mask was used during the measurement to ensure the probing beam
(size is 2.2 mm X 2.2 mm ) fully inside the electrode area. The IQE was calculated by the
equation: IQE = EQE/(1-R). The reflectance spectra were performed by Varian Cary 5000 UV-
vis-NIR spectrophotometer. In Reflectance mode the measurements were obtained by fitting

the spectral and diffuse reflectance accessory (integrated sphere).
Light Soaking Testing

For light soaking stability test, samples were illuminated in nitrogen chamber at a temperature
of ~ 55°C, light intensity of equivalent of one-sun (100 mW/cm?) using LED 6500 K light
source. All devices were measured without any encapsulation under ambient conditions during

the various time points during the test.
Contact angle

The contact angles were measured using a contact angle analyzer (Drop shape analyzer-
DSA25, KRUSS GmbH). DI water dropped on the surface of the samples and measured in the

air under room temperature.

Ultraviolet-visible (UV-Vis) absorption, Transmittance spectra
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The transmittance and absorption spectra were performed by Varian Cary 5000 LLY-vissRIR o5

spectrophotometer.
Atomic Force Microscopy (AFM)

AFM images were obtained using Bruker Dimension Edge in tapping mode with scanning area

size of 50 um x 50 um for each sample.
Photoluminescence (PL)

For the PL spectra a Horiba Xplora Plus used to obtain the spectra with the use of a 532 nm

laser at 50x/0.5 mag/numerical aperture and 1200 grating.
Results and Discussion
Transmittance and absorbance properties

The thickness of the MoOx layer is vital for fabricating highly efficient OSCs as it
affects the optical transmittance and electrical properties (charge transport and extraction) of
the layer.*? Therefore, we optimized the MoOx layer thickness by fabricating OSCs with MoOx
thicknesses from 2.5 nm, 5 nm, 7.5 nm, and 10 nm (for thicknesses > 5 nm we observed a loss
of performance), (see Supporting Information S5). Transmittance spectra, as shown in Figure
1. (a) indicates that the ITO/MoOx (5 nm thick) anode exhibited higher transparency compared
to PEDOT:PSS (~30 nm) in the wavelength ranges 460 to 620 nm and 740 to 1000 nm. At
shorter wavelengths below 440 nm, the PEDOT:PSS deposited on top of ITO is more

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

transmissive than bare ITO due to refractive index matching.*® Such an anti-reflection effect is

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

attributed to the optical interference between the organic layer PEDOT:PSS and inorganic ITO

(cc)

layer due to large refractive index (n) difference®. However, as shown (Supporting Information
S1 and S2) by the absorption spectra of the photoactive blends PM6:Y6 and PM6:L8-BO, this
increased transmission does not contribute much towards the photocurrent generation, due to
the limited number of solar photons absorbed by the blends at this wavelengths of the solar

spectrum.

Despite their high transmittance in the visible wavelengths, MoOx films show poor
electrical characteristics, and an unfavourable work function value compared to organic
semiconductors such as PEDOT:PSS.%’ In the present study we use UV-Ozone treatment to
modify and improve the electrical and interfacial properties of MoOx films. UV-Ozone
treatment is widely used in the field of electronics and optoelectronics for cleaning and

modifying purposes with the use of photo-sensitized oxidation process.*® It is known that
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molecular oxygen excited by ultraviolet light can dissociate to form atomic oxygen; Cach, ocs
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atomic oxygen combines with a molecular oxygen to form an ozone molecule. Ozone (O3) has
one more oxygen atom than the atmospheric oxygen. As a result, this third loosely-bonded
oxygen atom can effectively destroy contaminants, which is key to its strong oxidizing
properties.’>***! Also, applying UV-Ozone treatment to ITO is expected to improve OSCs

performance by increasing the hole-extraction efficiency.*!
Kelvin probe measurements

Firstly, kelvin probe (KP) measurements were performed to determine the WF before
and after the deposition of HTL layers on top of the ITO. For each sample, three measurements
across the surface of the sample were carried out in order to evaluate the uniformity of the
deposited HTL layers and the corresponding WF reproducibility.*? For the KP the contact
potential difference (CPD) between a sample and a tip was calibrated. The WF of the sample
can then be determined by the WF of the tip calibrated against a known surface. In our case,
freshly cleaved Highly Order Pyrolytic Graphite (HOPG) was used to calibrate the tip WF. The
HOPG WF is 448 eV as confirmed in the literature through ultraviolet photoelectron
spectroscopy (UPS)®. To convert the contact potential difference measurement to work

function, the following equations are used to determine the tip and sample WF values:
WF of tip = WF of test sample - CPD (measured)
WF of sample = WF of Tip + CPD

Generally, for thick layers of MoOx the predominant oxidation state is Mo®" while for thinner
MoOx layers it has been observed that closer to the interface, additional oxidation states of
Mo’", Mo*', and Mo?" arise, possibly due to an increased number of oxygen vacancies.** As
expected from literature during the process of UV-Ozone treatment process of MoOx films, the
vacant sites are filled with oxygen atoms (O3 can oxidize large quantities of Mo>" to Mo®"
oxidation state) and as a result the MoOx films become nearly stoichiometric.**** Furthermore,
an increased proportion of Mo®" in MoOx films leads to a higher work function. Our
measurements also showed a clear increase of 0.2 eV (in absolute values) of MoOx WF from
(-4.89£0.02 eV)** t0 (-5.11 £ 0.03 eV) after the UV-Ozone treatment was confirmed directly
using KP measurements as shown in Figure 1.(b). Additionally, previous studies of ITO
MTO/Ag/MTO multilayer transparent electrode demonstrate that in the case of the pristine
MoOx films, Mo®* cations adjacent to the oxygen vacancies (loss of oxygen atom from their

respective position in the crystal lattice) within the MoOx lattice, undergo reduction to Mo>*
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oxidation state by gaining a free electron in the conduction band. On the contrary, folloWing; o5
the application of UV-Ozone treatment on MoOyx films the reduction of oxygen vacancies
during this process limits the generation of excess electrons, leading to an increase in the WF.#

This downshift of the WF of treated MoOy samples is highly desired as it will lead to a more
preferable energetic alignment with PM6 organic semiconductor used as a polymer donor in

the OSC devices. This energy level alignment is expected to facilitate better hole extraction

and collection in the devices using treated MoOx HTLs. Also, the obtained WF values for the

bare ITO were measured at (-4.55 + 0.05 eV) and in the case of ITO/PEDOT:PSS at (-4.94 +

0.02 eV), respectively.
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Figure 1. (a) Transmittance spectra of ITO, ITO/pristine MoOx, ITO/PEDOT:PSS, (b) KP

measurements values of the different HTLs on top of ITO.
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Atomic Force Microscopy

Tapping-mode Atomic Force Microscopy (AFM) was used to determine the surface
topography of the anode films. The ITO/pristine MoOx and ITO/UV-Ozone-treated MoOx, as
shown in Figure 2, demonstrate root-mean-square surface roughness (Rq) values of (3.0 + 0.02
nm). In comparison, the ITO/PEDOT:PSS sample exhibited an Rq value of (2.1 £ 0.01 nm).
We also investigated the morphology of PM6:Y6 films deposited on top of the different HTLs.
There is a known relation between the charge transport properties within the bulk-
heterojunction and the nanoscale phase separation of the donor and acceptor materials.*” The
AFM height images reveal Rq values of (2.7 £ 0.01 nm), (2.4 = 0.02 nm), and (2.4 = 0.01 nm)
for the PM6:Y6 layers deposited on top of pristine MoOx, UV-Ozone-MoOx, and PEDOT:PSS,

respectively. Thus, we can postulate the UV-Ozone-treatment of MoOx does not have an impact
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on the deposition and the surface morphology of the photoactive layer, which is gssential for
the efficient operation of the device. On the other hand, we observe a slight increase in Ry for
the untreated MoOx-based samples, which might a reason for the inferior HTL/Active layer
interface of OSC reported in the prior art.

@
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Figure 2. AFM images and RMS roughness of the different HTLs films on top of ITO (a)
ITO/pristine MoOx, (b) ITO/UV-Ozone-treated MoOx, (¢) ITO/PEDOT:PSS films. PM6:Y6
BHJ system on top of (d) ITO/pristine MoOx, (¢) ITO/UV-Ozone-treated MoOx and (f)
ITO/PEDOT:PSS.

Contact angle measurements

The effect of the UV-Ozone treatment on the surface energy of MoOx layers was further
analysed with the contact angle measurement technique. As shown in Figure 3., DI water was
drop casted on top of the films to measure the contact angle formed between the droplet and
the HTL layer, (see Table 1). The ITO/PEDOT:PSS films exhibited contact angle values
between (13 + 1)° to (16 £ 2°) whereas the pristine MoOx showed an increased contact angle
of (67 £ 2°) to (68 = 2°). In the case of UV-Ozone-treated MoOx films, a significant reduction
in the contact angles of the DI water droplet was observed, resulting to an angle below the
detectivity limit of the camera.* Since UV-Ozone treatment synergistically introduces oxygen
(increases the oxygen content), effectively removing hydrocarbon contaminants from the

MoOx surface and change a of stoichiometry eventually increases its surface energy. Thus, after

Page 10 of 32

cle Online

AQ7795D


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07795d

Page 11 of 32

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

applying UV-Ozone treatment, the MoOx surface is more hydrophilic for the BHI, deposititit s, ot
which facilitates an improved material wetting and surface contact with the PM6:Y6 layer, as

confirmed by the AFM measurements and the lower R values.

(@) = 1 (b) =

©

Figure 3. Contact angle images of (a) [TO/PEDOT:PSS, (b) ITO/pristine MoOx and (c) ITO,
ITO/UV-Ozone-treated MoOx films.

Table 1. Contact angles of H2O on ITO/PEDOT:PSS, ITO/pristine MoOx, and ITO/UV-Ozone-
treated MoOx.

Sample H20 contact angle
ITO/PEDOT:PSS (13£1)°-(16 £2°)
ITO/pristine MoOx (67 £2°) - (68 +£2°

ITO/UV-Ozone-treated MoOx -
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Besides the surface and work function properties, we also performed electrical and
optical characterization to explore the potential of UVO-treated MoOyx over pristine MoOx and
PEDOT:PSS. The experimental conditions used to optimize the MoOx as HTL onto ITO (e.g.,
thickness and UV-Ozone exposure time of evaporated MoOy films) are shown in (Supporting
Information S3 and S4). The optimum conditions for the thickness and UV-Ozone post-
treatment exposure time of the evaporated MoOx, revealed it to be 5 nm and 2.5 minutes

respectively.

(a) T T T T T T (b)

= |TO/PEDOT/PM6:Y6
= |TO/M0OX_pristine/PM6:Y6
= |TO/M0OX_UVO/PM6:Y6
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o
(2]
T

= pristine_MoOx/PM6:Y6
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I
N
T
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Figure 4. (a) Absorbance of PM6:Y6 on both pristine and UV-Ozone-treated MoOx films, (b)
Normalized PL intensity of PM6:Y6 BHJ system with the various HTLs.

Based on the absorbance spectra of the active layer cast on top of the pristine and UV-
Ozone-treated MoOx HTL, there is negligible difference with a slightly enhanced absorbance
strength at wavelengths 350, 610, and 800 nm as shown in Figure 4. (a). To get an insight into
the charge extraction properties of the photogenerated carriers from the BHJ active layer to the
different HTLs, the steady-state photoluminescence (PL) spectra were measured as illustrated
in Figure 4. (b). It is evident that an increased PL quenching at peak (~15%) for the UV-Ozone-
treated MoOx relative to the pristine MoOx, proving that the treatment has enhanced the rate of

carrier extraction at the HTL/PM6:Y6 interface.*®
Photovoltaic Performance

To understand the effect of the UV-Ozone treatment on the device performance, p-i-n

(normal) OSCs were fabricated incorporating the different HTLs. The representative J—V
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curves obtained from the champion cells are shown in Figure 5. (a), with a sumgary, of the 0.5

device photovoltaic parameters provided in Table 2. The statistical analysis of experimental

data obtained from 8 individual cells is furthermore shown in Supporting Information S6.

(b)
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Figure 5. (a) J-V curves of champion cells PM6:Y6 solar cells incorporating different HTLs,
(b) EQE and IQE spectra of PM6:L8BO solar cells incorporating different HTLs.

As summarised in Table 2., the PEDOT:PSS-based OSCs demonstrated a maximum PCE of
15.60% on 0.09 cm? active area, which is comparable to the published results for PM6:Y6

based OSCs (15.70%) with a standard device architecture*’. Cells with pristine MoOx exhibit

a maximum PCE of 14.26% with Js. of 25.88 mA/cm?, an open circuit voltage (Voc) of 0.8V,
and a fill factor (FF) of 69.40. Remarkably, 2.5 minutes of UV-Ozone exposure of MoOx

improve the device performance with a maximum PCE of 15.06% was measured. This is due

to an increased Jsc of 26.97 mA/cm? and an FF of 69.77, compared to the reference device with

a pristine MoOx.

Table 2. Photovoltaic parameters of PM6:Y6-based OSCs with the incorporation of the

different HTLs, mean values and champion device performance in brackets.

Voc mean Jsc mean PCE mean
JscEQE FF mean
HTL (Voc hero) (Jsc hero) (PCE hero)
(mA/cm?) (FF hero)
%) (mA/cm?) (%)
PEDOT:PSS 0.80 (0.80)  26.20 (26.37) 24.88 71.75(74.87) 15.10 (15.60)
Pristine-
0.80 (0.80)  26.05 (25.88) 24.46 67.13 (69.40) 14.10 (14.26)

MoOx
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UVO-treated DO 10.1039/D4TAQ7795D

oo 0.79 (0.80)  26.90 (26.97) 2490  69.12(69.77) 14.73 (15.06
0Ux

Thus, we observe a significant improvement in PCE of 5.5% compared to untreated MoOx
OSCs and a PCE comparable to the PEDOT:PSS-based devices. The Jsc improvement is also
confirmed by the calculated EQE photocurrent densities, which follow a similar trend to those
obtained from the J-V curves as shown in Table 2. To further validate the improvement
achieved through UV-Ozone treatment, the internal quantum efficiency (IQE) of each OSC was
assessed. The MoOx cells subjected to treatment exhibited higher internal photon-to-electron
conversion efficiency in the wavelength range of 450-620 nm and 680-800 nm compared to
the untreated MoOx-based cells Figure 5.(b), ultimately leading to higher FF and increased Jsc.'!
This improvement can be further supported by the reduced charge interface recombination and
enhanced charge extraction, as evidenced by the transient analysis later in this case study. The
UV-Ozone treated MoOx-based cells exhibited a maximum values of 92% at 480 nm in
comparison to the pristine cells which showed a maximum values of 88% at 450 nm
respectively. The higher average IQE spectrum for the treated cells indicates that a larger
number of absorbed photons is actually converted into electrons, which are subsequently

collected at the corresponding electrodes.
DC conductivity of the different HTLs

To further understand the origin of the PCE enhancement for the UV-Ozone-treated
MoOx samples compared to the pristine MoOx, glass-ITO/HTL/Ag-based devices were
fabricated in order to get an insight on the electrical conductivity of the different HTL. Figure.6
(c) depicts the [-V characteristics for devices with PEDOT:PSS, pristine MoOx and UV-Ozone-
treated MoOx used as HTLs. The direct current (DC) conductivity (o, ) can be determined from
the slope of the I-V plot using the following equation:

-G

%= \v/\a
where A is the physical active area of the samples (0.25 cm?), and d is the thickness of different
HTL layers. The thickness of pristine MoOx and UV-Ozone-treated films was 5 nm, and in the
case of PEDOT:PSS 30 nm. The value for the conductivity of PEDOT:PSS was calculated to

2.20£0.11-10° S/cm, whereas the DC conductivity of pristine MoOx and UVO-treated showed
values of 0.40 + 0.17-107 S/cm and 0.48 + 0.20-1077 S/cm respectively and in line with the
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literature reports (DC conductivity region 10™° < 64 < 10#).°° This implies that the U Y-QZ81e&; s o0
treatment leads to an enhancement of o, by 20%. The significance of this increase lies in
addressing the primary concern associated with MoOx-based HTL in OSCs, which is their
relatively poor electrical performance stemming from inherently low conductivity. This
improvement further corroborates the increased Jsc observed alongside the reduced PL intensity
in these devices. Additionally, the lower conductivity of the MoOx-based samples compared to
PEDOT:PSS, justifies the need for significantly thinner (5 nm) MoOx films compared to (30
nm) PEDOT:PSS for optimal device operation (the lower the conductivity the thinner the HTL

needs to be to prevent change accumulation).’!-*2
Hole mobility measurements

The evaluation of hole and electron transport properties of the OSCs was conducted
through the fabrication of structures tailored for hole-only devices (HOD) and electron-only
devices (EOD), as shown in Table 3. The following architectures fabricated for this purpose
including ITO/HTL /PM6:Y6/MoOx/Ag and ITO/ZnO /PM6:Y6/ZnO/Ag respectively. The
hole mobility values for each HTL (PEDOT:PSS, pristine or UV-Ozone MoOx) and the electron
mobility for (ZnO) were calculated based on the Mott-Gurney equation respectively:>?

2
_ 9 (Vapplied - Vbi)
JscLe = §€08ruh a3

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

,in which & is the relative dielectric constant, €9 is the permittivity of free space, pn or e is the

hole and electron mobility respectively, Vappliea 1S the applied voltage, Vi is the built-in

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

potential, and d is the thickness of the active layer.
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Figure 6. (a) Dark current through electron-only device-based ITO/ZnO /PM6:Y6/Zn0O/Ag,
(b) Dark current through hole-only device based on PEDOT:PSS, pristine MoOx and UV-
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Ozone MoOx and (c) I-V characteristics of conductivity measurements for

ITO/PEDOT:PSS/Ag.
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The hole mobility for the reference OSCs based on PEDOT:PSS was 1.98 + 0.01 cm?- V!5,
in line with literature reports®*. On the other hand, the hole mobility for the pristine MoOx HTL
films was calculated at 1.85 + 0.01-10* cm?-V~!-s!, while the UV-Ozone-treated MoOx HTL
films demonstrated a 10% enhancement compared to the pristine MoOx HTL films with value
of 2.01 £ 0.01 cm?V'!'-s’!. The higher device hole charge carrier mobility in UVO-treated
MoOx films most likely originates from the observed improved conductivity and enhanced
wettability for the PM6:Y6 layer on top of the UV-Ozone treated MoOx as shown by the DC
conductivity and contact angle measurements, respectively. This results also is in excellent
agreement with the observed enhanced rate of carrier extraction at the HTL/PM6:Y 6 interface
shown by the PL analysis. In addition, the calculated . values for the PM6:Y6 blend were

reproducible 1.95 +0.02-10* cm?- V!5 and consistent with the literature.>* The balanced ratio
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between the charge carrier mobility (pn/pe close to 1) is of paramount importance forobtaitiitig, o
high Jsc and FF.>® The ratio plays a vital role in mitigating charge accumulation within the
device.’® An imbalance in the mobility of charge carriers results in the formation of a positive
space charge at the photoanode, which consequently causes the trapping of electrons near the
back electrode in the BHJ OSCs.>*7 Thus, the cell utilizing PEDOT:PSS displayed a pun/pe
ratio of 1.01, signifying the highest level of mobility balance among the three device types. On
the other hand, the UV-Ozone MoOx cell demonstrated a considerably more balanced mobility
ratio of 1.03 than the device with the untreated MoOx with a ratio 0.95 which reduces the charge

accumulation effect leading to improved Js and FF values.*®

Table 3. Electron and Hole Mobility values of the EOD and HOD devices.

Sample tth (cm? V-1 g71) te (cm? V-1 s71) ratio (pn/ pe)
PEDOT:PSS (1.98+£0.01)-10*  (1.95+0.01)-10* 1.01
UV-Ozone-treated
(2.01£0.01)-10*  (1.95+0.02)-10* 1.03
MoOx
pristine MoOx (1.85+£0.01)-10* (1.95+0.01)-10* 0.95

Charge carrier lifetime

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To get an additional insight on the operation of our OSCs, we performed

electrochemical impedance spectroscopy (EIS) measurements which provides important

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

insights related to the charge extraction and lifetime.>® EIS measurements were performed to

examine the transient behaviour in the various OSCs fabricated in this work. Thus, the

(cc)

measurements were obtained, in dark conditions from 1Hz to 1IMHz, with DC bias equal to the
Vo for each device.®® The Nyquist plots and the fitting model shown in Figure 7. (a) were fitted

161,62

by using the equivalent circuit mode shown in Figure 7. (b) while the relevant data for

each HTL type are summarized in Table 4.

Table 4. Summary of the fitting parameter used to describe the Nyquist plots

Sample Re (Q) Rint (Q2) Cint (nF) Ruhj () Conj (nF) T (Us)

pristine MoOx  19.60 33.87 285 62.79 41.98 2.63
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UV-Ozone- DOL; 10.10!53%2?%7%?5
15.42 29.79 270.7 57.56 50.83 2.87
treated MoOx
PEDOT:PSS 16.40 20.86 95.30 21.8 149.3 3.30

The R corresponds to electrode resistance (ITO and Ag); Rine and Ciy in parallel correspond to
the interface layer's resistance and capacitance, and Rphj and Cyhj in parallel correspond to the
resistance and capacitance of the bulk heterojunction, respectively. The performance of the
OSCs can be correlated by analyzing the R of the interface layer in conjunction with the
average carrier transition lifetime (t).627%* The reduced Rin values for the UV-Ozone-treated
MoOx cells (29.79 Q) further confirms its enhanced interface conductivity compared to the
pristine MoOx (33.87 Q) which supports our findings regarding the higher FF values obtained
in UV-Ozone-treated MoOx cells.®® Moreover the t values for each HTL type were calculated

based on the following equation:
T = Rppnj " Cpnj

The t values for the pristine, the treated MoOx and the PEDOT:PSS were calculated as 2.63 ps,
2.87 ps and 3.30 ps respectively. The longer t values for the treated MoOx-based OSCs
compared to the pristine is associated with a reduced the trap-assisted recombination,’ which
is also confirmed by the PL measurements (15% PL quenching at peak for the UV-Ozone-
treated samples compared to the pristine). Overall the EIS findings underscore the benefits of
UV-Ozone treatment on MoOx, which contributes to reduced charge recombination and
improved charge extraction to the electrodes compared with the pristine MoOx, ultimately

enhancing the FF and Js.%’
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Figure 7. (a) Nyquist plots of the EIS data with the equivalent fitting models for various
HTL-based OSCs. (b) The equivalent circuit model for EIS data fitting the different OSCs.

Exciton generation

To gain a better insight into the exciton generation and dissociation processes, the
dependence of the photocurrent densities (Jon) of the cells with the different HTLs were plotted
versus the effective voltage (Vefr), from which the maximum exciton generation rate (Gmax) and
charge collection probabilities P(E, T) were calculated. Jph is determined as Jpn = JL — Jp, where

JL and Jp are the current densities under illumination and dark conditions, respectively. Ve is

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

determined as Ver= Vo — Vi, where Vy is the voltage at the point of Jon =0, and V. is the applied

bias voltage. If we assume that the saturated current density (Jsat) is defined by the total quantity

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

of the absorbed photons and all the photogenerated excitons are dissociated to free charge

(cc)

carriers at higher voltage (> 1 V), then Gmax can be extracted by the formula Jsat = qGmaxL>*%%.

The values of Gmax, as calculated from Figure 8. (a) were 1.66-10?% s1-m™ (267 A-m™) for the
PEDOT:PSS-based cells, 1.64:10%% s'-m™ (263 A-m?) for the UV-Ozone-treated MoOx-based
cells and 1.63-10% s-m™ (261 A-m) for the pristine MoOx-based cells. Fundamentally, the
Gmax is correlated to the maximum absorption of incident photons®-’’. The almost unchanged
values of Gmax suggest that the overall exciton generation upon samples based on PEDOT:PSS
and MoOx is approximately the same. This can further be supported by the transmission spectra
of the different HTLs and the nearly identical absorbance spectra strength of PM6:Y6 on top
of both pristine and UV-Ozone-treated MoOx films, as demonstrated in Figure 1. (a) and Figure
4. (a).
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Figure 8. (a) Photocurrent density (J,n) versus effective voltage (Verr) curves of PM6:Y6
devices incorporating different HTLs. (b) charge collection probabilities P(E, T) curves of
PM6:Y6 devices incorporating different HTLs.

Charge collection probabilities

On the other hand, the charge collection probability, P(E, T), can be calculated from the
ratio of Jpn/Jsar.”! Under short circuit conditions for the reference PEDOT:PSS cells, the P(E, T)
was estimated at (96 = 1%), while the samples based on pristine and UV-Ozone-treated MoOx
devices exhibited values of (95 + 1%) and (93 + 2%), respectively Figure 8. (b). The increased
P(E, T) values of samples PEDOT:PSS and UV-Ozone-treated MoOx suggested more efficient
charge collection compared to the pristine MoOx cells. These results can be further correlated
by the higher values of FF as presented by the statistical analysis distribution of the devices
(Supporting Information S6) in combination with the improved device hole charge carrier
mobility and the DC conductivity as shown earlier. Thus, it is more evidence that the UV-Ozone
treatment has a beneficial effect on the device performance of OSCs, making MoOx a candidate

for HTL in efficient OSCs.
Light soaking stability measurements

We also shifted our investigation towards the stability of the optimized PM6:Y6 OSCs
based on the highest PCE HTLs by performing light-soaking measurements, which is key
towards the commercialization of NFA-based OSCs. The devices were characterized under
nitrogen conditions while being exposed to continuous white colour (6500 K) light-emitting

diode (LED) source with light intensity equivalent to ~1 sun (100 mW/cm?) at 55 °C. The

DOI: 10.1039/D4TAQ7795D
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normalized figures of merit (i.e. normalized PCE, FF, Jsc and Vo) of the cells plotted.d8/455 7005
function of light-soaking time are presented in Figure 9. After 100 hours of continuous light
soaking, the UV-Ozone-treated and the pristine MoOx-based device retained ~ 65% and 58%
of their initial PCE respectively, while the performance of the PEDOT:PSS-based counterpart
deteriorated rapidly to 23% of its initial PCE after only 51 hours. Thus, both MoOx HTLs are
fundamentally more stable than PEDOT:PSS counterpart, while the efficiency improvement of
treated cells compared to pristine originates from the UV-Ozone treatment process. This
striking difference in the Figure 9. (¢) (dependence of FF with time), explains well the
significance of our work towards stable OSCs. In particular, stabilised FF over time of both
MoOx-based cells imply stable and intact interface.’? In our results we observe that the control
samples’ (PEDOT:PSS) FF decrease very fast and is the main reason for the fast drop of the
PCE. On the contrary, our target devices (UV-Ozone-treated and pristine MoOx devices)
present a much firmer FF trend over time and is the key reason for the more stable PCE with
time. Although preliminary, the results indicate that ITO/UVO-treated MoOx could
significantly enhance the lifetime stability and operation of state-of-the-art OSCs (the key issue
of OSCs towards the commercialisation) as shown in Supporting Information Figure S7. (a),

(b) and (c) from the representative time depended J-V curves.
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Figure 9. Normalized (a) PCE, (b) Voc, (c) FF and (d) Jsc over time graphs of light soaking
test of PM6:Y6 solar cells based on UVO-treated MoOx and pristine MoOx versus
PEDOT:PSS.

Light depended measurements

Next, we performed J-V light-intensity-dependence measurements to understand the
impact of light-soaking on PEDOT:PSS-based and UV-Ozone-treated MoOx-based OSCs since
both architectures present the highest PCE values in this case study. Measuring and tracking
the V. versus the light intensity can be used to extract the light ideality factor (n). The nis a
measure of whether the recombination type is Shockley—Read-Hall (SRH (n = 2) or
bimolecular (n = 1).”" The n values in each case were calculated based on the Shockley equation
(under the assumption that the photocurrent scales linearly with the light intensity and

photocurrent/saturation current >> 1) :

q dVy

Voo = M T dn L))
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Where, n is the light ideality factor, k is the Boltzmann constant, T is the temperatyrge, andet} 185577005

the unit charge.
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Figure 10. (a) Voc versus light dependence measurements of PM6:Y6 solar cells based on
incorporating the different HTLs, before light soaking test, (b) Voc versus light dependence
measurements of PM6:Y 6 solar cells based on incorporating the different HTLs after light

soaking test.

The dependence of Vo versus the light intensity before the light soaking test (Supporting
Information S10. (a) and S11. (a)) for PEDOT:PSS-based and UV-Ozone-treated MoOx-based

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

devices presented slope values of n 1.02 and 1.27, respectively, as shown in Figure 10. (a). The
lower n value of devices with PEDOT:PSS compared to the UVO-treated MoOx matches with
the higher initial PCE of the devices before the stability test. Interestingly, a higher slope value,

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

which leads to an inferior ideality factor, was observed after 51 hours in the case of
PEDOT:PSS-based devices with an increase of 124% and n value of 2.29 (practically the
PEDOT:PSS-based devices are fully degraded after 51 hours of exposure in the stability test)

(cc)

(see Supporting Information S10. (b)). On the other hand, the UV-Ozone-treated MoOx-based
cells (Supporting Information S11. (b)), demonstrated a significantly lower increase of just
13% and an n value of 1.44, implying that these devices are fully functional and only slightly
degraded. This suggests that more severe trap-assisted recombination occurs on PEDOT:PSS-
based cells as the devices degrade,”>’* in contrast to the UV-Ozone-treated MoOx-based cells,
demonstrating their better stability under light-soaking conditions. The significant increase of
the ideality factor in PEDOT:PSS-based devices can further be supported by the rapid decrease
of the FF factor over time since the FF can be described as the interplay between recombination

and charge extraction processes in solar cells.”>’® More specifically, for the PEDOT:PSS cells,
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after 51 hours of light soaking, the FF reached values less than 50% of its initial yalug, WHiles; o0
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the UV-Ozone-treated MoOx cells retained almost 85% of its initial value. Considering that the
main function of photovoltaic cells is to provide power to a load, it highlighted that the UV-
Ozone-treated device exhibited longer stable power output values after 100 hours of light

soaking (see Supporting Information S8. (a), and (b)).
Broader applicability

Finally, we investigate the broader applicability of the UV-Ozone treatment on
thermally evaporated MoOx HTL in another highly efficient BHJ system. For this purpose, we
selected PM6:L8BO with PCE values beyond 17%, as reported in the literature>’”. The results
of the UV-Ozone treatment on MoOx demonstrated an equal impact on the PM6:L8BO devices,
as observed in the case of the PM6:Y6 BHJ system. Representative J—V curves obtained from
the champion cells using different HTLs are shown in Figure 11. (a), a summary of the
champion data and mean device photovoltaic parameters is provided in Table 5. The statistical

analysis of the devices from 5 individual cells (see Supporting Information S9).

0 T T T T T T 100 T T T T T T

PM6:L8BO LN 1#3
—— PEDOT:PSS [ NG S T
<~ 5r = pristine MoOx 80 | i, > <
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Voltage (V) Wavelength (nm)

Figure 11. (a) J-V curves of champion cells PM6:L8BO solar cells incorporating different
HTLs, (b) EQE and IQE spectra of PM6:L8BO solar cells incorporating different HTLs.

The PEDOT:PSS-based PM6:L8BO demonstrated a PCE of 17.35% with a Vo 0f 0.86 'V, Jsc
26.17 mA/cm? and an FF of 77.10 in line with the literature. On the other hand, pristine MoOx
cells exhibited a maximum efficiency of 16.21% with Js of 26.28 mA/cm?, Vo of 0.85 V, and
FF of 72.60. Notably, the UV-Ozone-treatment enhanced the performance of the pristine MoOx,

demonstrating a maximum PCE of 16.85%, accompanied by a Js. of 26.31 mA/cm? an
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improved FF of 74.90 and V. of 0.85 V. As a result, a noteworthy PCE increasg, of 3.93%:, 70
compared to the pristine MoOx-based OSCs and the highest reported value to the best our

knowledge for MoOx-based binary OSCs in the literature with an active area of ~0.1 cm?.

Table 5. Photovoltaic parameters of PM6:L8BO PEDOT:PSS, pristine-MoOy, and UV-Ozone-

treated MoOx.based, mean values and champion device performance in brackets.

Voc mean Jsc mean PCE mean
JscEQE FF mean
HTL (Voc hero) (Jsc hero) (PCE hero)
(mA/cm?) (FF hero)
%) (mA/cm?) (%)
PEDOT:PSS 0.86 (0.86)  25.54 (26.17) 24.10 76.82 (77.10) 17.0 (17.35)
Pristine-
0.85(0.85)  25.90 (26.28) 24.12 72.37(72.60) 15.93 (16.21)
MoOx
UVO-treated
MoO 0.85(0.86)  26.05 (26.31) 24.32 74.28 (74.90) 16.47 (16.85)
0Ux

From the EQE spectra as shown in Figure 11. (b), the calculated photocurrent densities follow
similar trend (within +£7% for all devices difference) to those measured from the J-V curves
with a solar simulator. The photocurrent values extracted from EQE spectra are consistent with

the results based on the transmission spectra Figure 1.(b) demonstrated earlier. Similarly, the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

IQE measurements indicate that the UV-Ozone-treated MoOx-based devices exhibit a more

efficient internal photon-to-electron conversion compared to the pristine MoOx-based OSCs.

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 6:15:12 AM.

The average IQE value for these treated cells is 90%, with peak values reaching 96% and 93%

(cc)

at wavelengths of 450 nm and 665 nm, respectively. In contrast, the pristine MoOx-based cells
show an average IQE value of 88%, with maximum values of 95% and 91% at the same
wavelengths. The above results are in full agreement with findings mentioned earlier (IQE of
PM6:Y 6-based cells) that a larger number of absorbed photons is successfully converted into
electrons, that contribute to current generation in the case of the UV-Ozone-treated MoOx-

based cells in contrast with the pristine-based devices.
Conclusions

This study presents a comprehensive strategy aimed at enhancing the electrical and
physical characteristics of MoOx-based HTL utilized in OSCs. The strategy involves a post-
UV-Ozone treatment of the MoOx HTL, rendering it particularly beneficial for applications
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beyond photovoltaic technologies. Initially, we optimized both the thickness of the MOy layets 5oL

and the exposure time of the UV-Ozone treatment. Our findings suggest that an optimal MoOx
thickness of 5 nm requires only 2.5 minutes of UV-Ozone exposure to achieve a notable
enhancement in the electrical properties of the film. This treatment resulted in a 0.2 eV increase
(in absolute values) in the work function of MoOx, attributed to alterations in the oxidation
states of the material. Consequently, we observed an increase in hole mobilities, a more
balanced mobilities ration and an improvement in DC conductivity compared to pristine MoOx
films. Additionally, the hydrophilicity of the MoOx film surface was markedly enhanced post-
treatment, leading to better wetting of the subsequently applied photoactive layer. EIS in
conjunction with IQE, charge collection probabilities and the PL characterisation revealed an
improved interface between the UV-Ozone-treated MoOx and the photoactive layer, as
indicated by longer charge carrier lifetimes, improved charge collection with a substantial 15%
PL quenching, respectively. Furthermore, devices incorporating pristine and UV-Ozone-treated
MoOx based OSCs exhibited significantly improved operational stability, maintaining
approximately 58% and 65% of their initial performance after 100 hours, respectively. In
contrast, devices based on PEDOT:PSS experienced rapid degradation, dropping to 23% of
their pre-aging performance after 51 hours of light exposure at 55 °C, ultimately leading to
complete failure. The enhanced stability of the high efficiency UV-Ozone-treated MoOx-based
devices is attributed to minimal changes in the ideality factor and their ability to sustain high
fill factor values (85% of initial values) after 100 hours. This approach serves as a catalyst for
simultaneous high performance and stability relative to the control PEDOT:PSS-based cells,
which demonstrate high efficiency but markedly shorter lifetime stability. Ultimately, the study
highlighted the broad applicability of the UV-Ozone-treated MoOx HTL in OSCs that employ
the highly efficient PM6:L8BO BHJ system. This system achieved a PCE of 16.85%,
representing the highest efficiency recorded to date for binary OSCs utilizing metal oxide-
based HTLs. Our findings underscore the potential for tuning the physicochemical
characteristics of metal transition oxides to drive future innovations in device architecture and

advanced surface engineering strategies.
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