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ABSTRACT: For the commercialization of organic solar cells
(OSCs), the fabrication of large-area modules via a solution process
is important. The fabrication of OSCs via a solution process using a
nonfullerene acceptor (NFA)-based photoactive layer is limited by
the energetic mismatch and carrier recombination, reducing built-in
potential and effective carriers. Herein, for the fabrication of high-
performance NFA-based large-area OSCs and modules via a solution
process, hybrid hole transport layers (h-HTLs) incorporating WO3
and MoO3 are developed. The high bond energies and electro-
negativities of W and Mo atoms afford changes in the electronic
properties of the h-HTLs, which can allow easy control of the energy
levels. The h-HTLs show matching energy levels that are suitable for
both deep and low-lying highest occupied molecular orbital energy
level systems with a stoichiometrically small amount of oxygen
vacancies (forming W6+ and Mo6+ from the W5+ and Mo5+), affording high conductivity and good film forming properties. With the
NFA-based photoactive layer, a large-area module fabricated via the all-printing process with an active area over 30 cm2 and a high
power conversion efficiency (PCE) of 8.1% is obtained. Furthermore, with the h-HTL, the fabricated semitransparent module
exhibits 7.2% of PCE and 22.3% of average visible transmittance with high transparency, indicating applicable various industrial
potentials.
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1. INTRODUCTION

Organic solar cells (OSCs) have recently attracted significant
attention owing to their applications in clean energy systems
and for the fabrication of large-area, flexible, and semi-
transparent (STP) devices via a simple solution process.1−5 In
particular, by employing the bulk-heterojunction structures of
nonfullerene acceptor (NFA)-based photoactive materials and
the development of appropriate device structures, a power
conversion efficiency (PCE) of up to 18% has been achieved in
recent years.6−9 For a successful laboratory-to-fabrication (lab-
to-fab) transfer, the development of photoactive materials and
solution-processed devices and modules exhibiting PCEs of
>20% is necessary.10−13

For photoactive materials, good absorption properties and
moderate energy levels are important to obtain high PCEs.14,15

In the aspect of performance factors, the short-circuit current
density (JSC), open-circuit voltage (VOC), and fill factor (FF)
contribute to the PCEs of the OSCs. The JSC value is related to
the absorption property of the photoactive materials, and VOC
is related to the highest occupied molecular orbital (HOMO)
energy level of the photoactive donor and the lowest
unoccupied molecular orbital energy level of the acceptor.

High VOC can be achieved through the development of
photoactive materials with low-lying HOMO energy levels, but
this allows a narrow absorption range and good charge
transport.16−19 Therefore, an appropriate control of the
combination of complementary absorption with a wide-band
gap donor and low-band gap acceptor, as well as device
engineering with suitable buffer layers, which can maximize the
two factors in a trade-off relationship (JSC and VOC), is
required.4,8,9,19−24

In particular, a suitable coating method for the NFA-based
photoactive materials and device engineering with an
appropriate buffer layer allowing a solution process are
necessary.25−29 Owing to its high conductivity, transparency,
and good film forming properties, poly(3,4-ethylenedioxythio-
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phene) polystyrene sulfonate (PEDOT:PSS) is generally used
as a hole transport layer (HTL).30,31 In particular, in the OSCs
with inverted structures for solution process applications,
PEDOT:PSS (particularly, HTL Solar as a modified-
PEDOT:PSS) is added to the top of the photoactive
layer.32−34 In the inverted OSCs fabricated via a solution
process using NFA-based photoactive materials, the following
critical issues may be encountered. (1) The hydrophilic
PEDOT:PSS surface forms a mismatched interface with the
hydrophobic surface of the photoactive layer, leading to poor
film forming properties.33,35−37 (2) Furthermore, because of
the acidic and hygroscopic properties of PEDOT:PSS, the
devices with PEDOT:PSS do not show long-term stability in
the solution-processed devices.32,34,35 (3) Last, the high
HOMO energy level of PEDOT:PSS affords a large energy
barrier with the deep and low-lying HOMO energy levels of
the NFA-based photoactive donors. Therefore, in the solution-
processed OSCs with PEDOT:PSS, a VOC drop occurs due to
the energy level mismatch.4,26 The fullerene acceptor (FA)-
based photoactive donors have relatively high HOMO energy
levels, leading to smaller VOC drop with the use of
PEDOT:PSS.38,39 However, as the typical high-performance
NFA-based photoactive donors have different HOMO energy
levels depending on the intended application, a large VOC loss
may occur with the use of PEDOT:PSS. This interfacial
mismatch and large VOC loss in the solution-processed OSCs
necessitates further investigation for an efficient lab-to-fab
transfer.
For a successful lab-to-fab transfer, PEDOT:PSS that can

afford commercial and processing advantages is still needed.
Therefore, to address the three critical limitations described
previously, the development of a modified-PEDOT:PSS
capable of controlling the physical and chemical properties is
necessary. Metal oxides such as molybdenum oxide (MoO3)
and tungsten oxide (WO3) have beneficial properties, such as
high conductivities, easy control of physical and chemical
properties, and solution processability, and have been utilized
in various forms as solution-processed HTLs.40,41 Owing to
these advantages, metal oxide-doped PEDOT:PSS materials
are excellent candidates for solution-processed HTL that are
capable of interfacial matching and energy level control.
Luo, Ma, and co-workers reported MoO3-doped PE-

DOT:PSS for enhancing the wettability with a photoactive
film.42 In this case, MoO3 nanoparticles with good wetting
properties were mixed with PEDOT:PSS to improve the
wettability with the FA-based photoactive layers. In the prior
studies, the development of modified-PEDOT:PSS was mainly
focused on the FA system, but in real applications, additional
focus should be on the NFA-based photoactive system, which
requires energy level matching. Lin, Chang, and co-workers
reported that the performance and stability of OSCs were
enhanced through the energy level matching to that of the
NFA-based photoactive donor by forming well-dispersed
vanadium oxide (VOX)-doped PEDOT:PSS.34 Additionally,
in our previous report, bilayer HTLs with WO3 and
PEDOT:PSS were introduced, which allowed energy level
matching with that of the NFA-based photoactive layer, and
large-area modules were developed via a solution process.4 In
particular, depending on the HOMO energy level of the NFA-
based photoactive donor, the application of the modified-
PEDOT:PSS that can minimize the VOC loss is required, with
solution formation and development of a large-area coating
technique.

Therefore, in this study, PEDOT:PSS-based universally
applicable hybrid HTLs (h-HTLs) were developed using NFA-
based photoactive materials with deep HOMO energy levels
(SMD2 and PM6) and low-lying HOMO energy level [P(Cl−
Cl)(BDD = 0.2)] via a solution process.4,43 In particular, by
employing WO3 and MoO3 precursors for the modified-
PEDOT:PSS (HTL Solar), energy level control and wettability
enhancement were facilitated.44 Furthermore, formed h-HTLs
exhibited energy-level variable properties by control of content
concentration, indicating their applicability regardless of
HOMO energy levels of the NFA-based photoactive layer.
These h-HTLs showed good matching with the HOMO
energy levels of the NFA-based photoactive donors. As a result,
we applied h-HTLs for fabricating NFA photoactive layer-
based solution processable and printable large-area modules
with an active area up to 30 cm2. Finally, the buffer layer-
electrode structure is essential for fabricating STP-OSCs from
the point of view of optical compensation. The formation of
metal oxide-incorporated electrode structures which have
microcavity effects is a good strategy for STP OSCs.5

Expecting transparent properties, we also applied h-HTLs for
fabricating STP large-area modules.

2. EXPERIMENTAL SECTION
2.1. Materials for OSCs. SMD2 and P(Cl−Cl)(BDD = 0.2) used

as donors were synthesized by following previous literature studies.4,41

PM6 also used as a donor was purchased from Solarmer Inc. (USA).
ITIC-Th, IT-4F, and BTP-4Cl-12 used as acceptors were purchased
from 1-Materials Inc. (Canada) and Solarmer Inc. (USA),
respectively. Chlorobenzene (CB), 1,8-diiodooctane (DIO), and 1-
chloronaphthalene (CN) used as the solvent and additives were
purchased from Sigma-Aldrich (USA). Zinc acetate dehydrate,
ethanolamine, and 2-methoxyethanol for precursors of sol−gel ZnO
were purchased from Sigma-Aldrich (USA). Tungsten ethoxide and
ammonium heptamolybdate for precursors of h-HTLs were purchased
from Thermo Fisher Scientific (USA) and Sigma-Aldrich (USA),
respectively. Also, isopropyl alcohol (IPA) used as the solvent of h-
HTLs was purchased from Sigma-Aldrich (USA). Finally, HTL Solar
for forming h-HTLs was purchased from Heraeus (Germany).

2.2. Fabrication of (1) Solution-Processed and (2) Evapo-
rated OSCs. (1) The solution-processed OSCs were fabricated into
an inverted structure (ITO/ZnO/photoactive layer/solution-pro-
cessed HTL Solar or h-HTLs/Ag) via the spin-coating method.
The patterned ITO glasses underwent the precleaning process in the
order neutral detergent, IPA, and deionized water through the
ultrasonication process. After the precleaning process, the ITO glasses
were treated by ultraviolet-zone (UVO) cleaning in a UVO-cleaner
(Ahtech LTS). To form ETLs, the prepared sol−gel ZnO precursor
was coated onto cleaned ITO glass at 3000 rpm and then thermally
annealed at 150 °C for 30 min. The photoactive layer based on
SMD2/ITIT-Th (1:1.25, 20 mg mL−1) and P(Cl−Cl)(BDD = 0.2)/
IT-4F (1:1, 20 mg mL−1) was formed with CB, and then, 0.5 vol % of
DIO was added to the blend solution. Also, the photoactive layer
based on PM6/BTP-4Cl-12 (1:1, 20 mg mL−1) was formed with CB,
and then, 0.5 vol % of CN was added to the blend solution. The
photoactive layer of SMD2/ITIC-Th was coated onto the ZnO layer
at 3000 rpm and then dried for 10 min without thermal annealing.
The photoactive layer of P(Cl−Cl)(BDD = 0.2)/IT-4F was coated
onto the ZnO layer at 2000 rpm and then thermally annealed at 140
°C for 10 min. Finally, the photoactive layer of PM6/BTP-4Cl-12 was
coated onto the ZnO layer at 2000 rpm and then thermally annealed
at 100 °C for 10 min.

The solution-processed OSCs were fabricated with h-HTLs onto
the photoactive layer via spin coating. To form precursors of h-HTLs
for a mid-HOMO energy level system, tungsten ethoxide (VI) powder
was dissolved in IPA at a concentration of 1−16 mg mL−1. To form
precursors of h-HTLs for the deep HOMO energy level system,

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c01021
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c01021?rel=cite-as&ref=PDF&jav=VoR


ammonium heptamolybdate powder was dissolved in IPA at a
concentration of 0.5−2 mg mL−1. The h-HTLs precursors were mixed
with HTL Solar at various ratios for fabricating h-HTL solution. The
formed h-HTL solution was coated onto the surface of the
photoactive layer at 3000 rpm and then dried for 10 min without
any thermal annealing. (2) The evaporated OSCs were fabricated
using the same process until the photoactive layer was formed, and
then, the films thermally evaporated MoO3 onto the photoactive layer
in a vacuum chamber (under 10−7 Torr) with a thickness of 5 nm.
Finally, the top Ag electrode was formed via the thermal evaporation
process in the vacuum chamber (under 10−7 Torr) with a thicknesses
of 100 nm. The active area of the devices was 0.04 cm2 with a shadow
mask.
2.3. Fabrication of (1) Solution-Processed, (2) Printable,

and (3) STP Modules.

(1) The solution-processed (spin-coating process) modules were
fabricated into an inverted structure (ITO/ZnO nanoparticles/
photoactive layer/solution-processed pristine HTL Solar or h-
HTLs/Ag) via both spin coating and slot-die coating methods.
The patterned ITO glasses were treated by ultrasonication and
UVO cleaning. To form ETLs and photoactive layers with the
spin coating method, the ZnO nanoparticles and three NFA-
based photoactive solutions were coated onto ITO glass with
thicknesses of 30 and 100 nm, respectively. Then, the formed
h-HTL solution was coated onto the surface of photoactive
layer at 3000 rpm and then dried for 10 min without any
thermal annealing. To form ETLs and photoactive layers with
the slot-die coating method, the ZnO nanoparticles and three
NFA-based photoactive solutions were coated with a coating
speed of 0.5 m min−1 and a feed rate of 0.5 mL min−1. Then,
the formed h-HTL solution was coated onto the surface of the
photoactive layer with a coating speed of 1.0 m min−1 and a
feed rate of 0.5 mL min−1. Finally, the evaporated-Ag electrode
was formed in the vacuum chamber (under 10−7 Torr) with a
thickness of 100 nm.

(2) The printable modules were fabricated via slot-die coating with
the same structure until pristine HTL or h-HTL formation of
process (1) took place. To form ETLs and photoactive layers
with the slot-die coating method, the ZnO nanoparticles and

three NFAs-based photoactive solutions were coated with a
coating speed of 0.5 m min−1 and a feed rate of 0.5 mL min−1.
Then, the formed h-HTL solution was coated onto the surface
of the photoactive layer with a coating speed of 1.0 m min−1

and a feed rate of 0.5 mL min−1. The printed-Ag electrode was
formed using bar coating with Ag paste (opaque, TOYOTech).
Consequently, the total active areas of modules were 4.7 (three
cells connected) and 30.0 cm2 (eight cells connected) with a
shadow mask.

(3) The STP modules were fabricated via the spin coating process
with the same structure until h-HTL formation of process (1)
took place. The h-HTL solution was spin-coated onto the
surface of the photoactive layer, and then, the STP electrodes
were formed as follows: Au (0.03 Å s−1, 1 nm) and Ag (1.00 Å
s−1, 15 nm).

2.4. Characterization of Fabricated Devices and Modules.
The absorption properties of NFA-based photoactive materials were
measured using an ultraviolet−visible (UV−vis) spectrometer
(Agilent 8453). The formation and chemical properties of the pristine
HTL Solar and formed h-HTLs were analyzed using molecular
mechanics (MM2) simulation. The energy level properties of
photoactive materials were measured using ultraviolet photoelectron
spectroscopy (UPS) analysis (AXIS-NOVA, Kratos). The current
density−voltage (J−V) characteristics, light intensity dependences of
VOC and JSC, photocurrent density characteristics, and dark J−V
characteristics of fabricated devices were measured using a power
source meter (Keithley 2400) and a solar simulator (Oriel, AM1.5G
calibrated Xe and LED lamps). For improved reliability of devices and
modules, the J−V characteristics were measured with a source
measurement unit in a four-wire configuration. The external quantum
efficiency (EQE) characteristics of fabricated devices were measured
with an incident PCE (Polaronix K3100, Mc Science). The X-ray
photoelectron spectroscopy (XPS) characteristics of the pristine HTL
Solar and h-HTLs were studied using ULVAC-PHI 5000 VersaProbe
(ULVAC). The current−voltage (I−V) characteristics and con-
ductivity characteristics were measured using a four-point probe
station (Mc Science). The surface contact angle and surface energy
characteristics were analyzed using a contact-angle analyzer (DSA100,
KRUSS). The surface morphology characteristics were analyzed using

Figure 1. Chemical structures and formation of metal oxides, (a) WO3 from tungsten ethoxide (the right image is formulated WO3 solution), and
(b) MoO3 from ammonium heptamolybdate (the right image is formulated MoO3 solution). (c) Energy-level alignments and (d) absorption
properties of three pairs of donors and acceptors. (e) Structure of the fabricated device introducing pristine HTL and h-HTLs.
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an atomic force microscope (PSIA XE-100, Park Systems). The
crystalline structures were characterized using grazing-incidence wide-
angle X-ray scattering analysis (GIWAXS) measurement on the 3C
beamline at the Pohang Accelerator Laboratory (PAL).

3. RESULTS AND DISCUSSION

3.1. Properties of the Photoactive Layer and
Formation of h-HTLs. For the fabrication of high-perform-
ance OSCs via a solution process, SMD2, P(Cl−Cl)(BDD =
0.2), and PM6, which are the donor polymers that are well
matched with the NFAs, were used (Figure S1a−c). The
chemical structures and images of the solutions of the
precursors and formulated metal oxides used to form the h-
HTLs are shown in Figure 1a,b. SMD2, P(Cl−Cl)(BDD =
0.2), and PM6 showed the HOMO energy levels at −5.44,
−5.67, and −5.41 eV and band gap energy levels of 1.78, 1.80,
and 1.94 eV (Figure 1c). These values were consistent with the
optical band gap energies calculated from the Tauc plot
(Figure S2). Both SMD2 and PM6 showed deep HOMO
levels and low band gap energies (1.78 and 1.80 eV,
respectively) and exhibited absorption in the 500−700 nm
region (Figure 1g). In addition, P(Cl−Cl)(BDD = 0.2)
showed low-lying HOMO energy levels and a medium band
gap (1.90 eV) with slightly blue-shifted absorption (λ = 500−
680 nm) (Figure 1d). The photoactive layers were formed by
utilizing optimal NFAs, considering the optoelectronic proper-
ties and energy levels of each donor polymer. As shown in
Figure 1e, the devices with an inverted structure (ITO/ZnO/
photoactive layer/HTL solar or h-HTLs/Ag) were fabricated
via the solution process.
3.2. Energy-Level Alignments of the Photoactive

Layer and h-HTLs. Generally in PEDOT:PSS, the PEDOT
and PSS chains show Coulombic interactions. In particular, the
interaction occurs between the highly positively charged sulfur

ion of PEDOT, which has a conjugated thiophene-based
structure and the negatively charged oxygen ion of PSS (Figure
2a).45,46 By introducing the screening effect through PSS
removal and enhancing the crystalline structures of PEDOT
molecules, the conductivity of PEDOT:PSS can be in-
creased.47−49 For the energy-level modification of HTL
Solar, we applied tungsten ethoxide and ammonium
heptamolybdate as precursors of WO3 and MoO3 to HTL
Solar, and h-HTL solutions [referred as h-HTL(W) and h-
HTL(Mo)] were prepared. These formed octahedral cubic
structures with the oxygen array around the core metal atom
and stable WO3 sharing the edges and forming a pseudocubic
structure, while MoO3 shared the corners and edges, forming
an orthorhombic polymorph structure (Figure 2a).50−52 These
metal oxide precursors can be chemically converted into metal
oxides (WO3 in a stable γ-WO3 phase and MoO3 in a stable α-
MoO3 phase) via a sol−gel process in an alcoholic
solvent.50,52,53 The metal oxide precursors were mixed with
HTL Solar to form the h-HTL solution, which showed similar
dark-blue color and viscosity as those of HTL Solar (Figure
2b).
The formation tendencies and chemical properties of the

pristine HTL Solar and h-HTLs were analyzed using molecular
mechanics (MM2) simulation (Figure S3). The PSS chain,
WO3, and MoO3 were randomly arranged along with the
PEDOT chain, and the molecular behaviors were calculated in
terms of the steric hindrance and torsion angle. As a result of
simulation, pristine HTL Solar was predicted to form a
relatively bent structure with a total energy of approximately
2909.06 kcal mol−1 and a torsion angle of 448.98° (Figure
S3a). In contrast, h-HTL(W) exhibited a low total energy of
1631.94 kcal mol−1 and a torsion angle of 393.23°, showing a
relatively planar and stable molecular structure incorporating
WO3 (Figure S3b). Furthermore, h-HTL(Mo) showed the

Figure 2. (a) Molecular structure of HTL Solar and formation of h-HTLs incorporating WO3 and MoO3 materials, (b) images of formed HTL
solutions in the order HTL Solar, h-HTL(W), and h-HTL(Mo). UPS characteristics of HTLs (c) cut-off energy and (d) on-set energy and (e)
calculated energy level alignments of HTLs and three donors.
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lowest total energy of 1467.32 kcal mol−1 and a torsion angle

of 249.88°, affording a more planar and stable molecular

structure incorporating MoO3 (Figure S3c). The MM2

simulation results showed low values of the torsion angle

and total energy in the order HTL Solar > h-HTL(W) >
HTL(Mo), affording a more stable molecular structure.
Metal oxides incorporated in HTL Solar resulted in an

energy level shift and increase in conductivity through the
partial redox reaction with the PEDOT chain.54 In particular,

Figure 3. J−V characteristics of fabricated devices introducing various HTLs based on the photoactive layer of (a) SMD2/ITIC-Th, (b) P(Cl−
Cl)(BDD = 0.2)/IT-4F, and (c) PM6/BTP-4Cl-12. (d) Carrier dissociation probability (CDP) characteristics calculated from photocurrent
density−effective voltage (Jph−Veff) characteristics (marked CDR means carrier dissociation region). (e) VOC−light intensity, and (f) JSC−light
intensity dependence characteristics of fabricated devices introducing h-HTLs (SMD2 and PM6) with h-HTL(W), and P(Cl−Cl)(BDD = 0.2)
with h-HTL(Mo).

Table 1. Photovoltaic Performances of Solution-Processed Devices Introduced Based on SMD2 and P(Cl−Cl)(BDD = 0.2)
and PM6 Introducing h-HTLs under Optimal Process Conditionsa

BHJ layer HTLs JSC [mA cm−2] VOC [V] FF [ %]
PCEmax

b

[%]
calc. JSC

[mA cm−2]
RSh

c

[Ω cm2]
RS
c

[Ω cm2]

SMD2d/ITIC-Th none 12.1
(11.6 ± 0.52)

0.171
(0.160 ± 0.01)

40.1
(39.7 ± 0.37)

0.831 10.00 17.3 7.5

HTL Solar 14.9
(14.6 ± 0.31)

0.798
(0.780 ± 0.02)

66.4
(66.1 ± 0.29)

8.1 12.96 945.6 5.8

h-HTL(W) 18.3
(18.1 ± 0.19)

0.878
(0.868 ± 0.01)

67.0
(66.9 ± 0.14)

10.8 16.02 993.1 5.4

P(Cl−Cl)(BDD = 0.2)e

/IT-4F
none 16.9

(16.3 ± 0.63)
0.272
(0.261 ± 0.01)

27.9
(27.5 ± 0.42)

1.3 11.92 19.0 7.3

HTL Solar 18.6
(18.0 ± 0.33)

0.798
(0.780 ± 0.01)

61.7
(61.5 ± 0.24)

9.2 16.12 1095.2 6.7

h-HTL(Mo) 20.5
(20.3 ± 0.20)

0.899
(0.889 ± 0.01)

65.9
(65.8 ± 0.12)

12.2 18.53 1212.8 4.9

PM6f/BTP-4Cl-12 none 16.1
(15.7 ± 0.49)

0.050
(0.030 ± 0.02)

25.1
(24.8 ± 0.34)

0.2 13.32 2.8 4.5

HTL Solar 22.0
(21.6 ± 0.37)

0.717
(0.707 ± 0.01)

64.6
(64.3 ± 0.30)

10.2 20.21 1030.1 3.9

h-HTL(W) 24.2
(24.0 ± 0.19)

0.858
(0.838 ± 0.02)

68.4
(68.3 ± 0.10)

14.2 22.23 1430.4 3.5

aDevices were fabricated with an inverted structure (ITO/ZnO/photoactive layer/solution-processed HTLs/Ag, active area of 0.04 cm2).
bMaximum value was obtained from the best performance among 10 fabricated devices. cRSh and RS were calculated in the equivalent circuit.
dSMD2-based devices exhibited the best performance when composed of ITIC-Th (dried for 10 min without additional thermal treatment).
eP(Cl−Cl)(BDD = 0.2)-based devices exhibited the best performance when composed of IT-4F (thermal treatment at 140 °C for 10 min). fPM6-
based devices exhibited the best performance when composed of BTP-4Cl-12 (thermal treatment at 100 °C for 10 min).
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owing to the strong bonding of tungsten and molybdenum
with the oxygen atoms, negatively charged oxygen atoms
interacted with the sulfur ions of the PEDOT chain. In terms
of MoO3 and WO3, WO3 shows a higher bond dissociation
energy than MoO3 (W−O: 720 ± 71 kJ mol−1 vs Mo−O: 502
kJ mol−1).55 Because of the binding between metal−oxygen
atoms, partial electronegativities were induced in the oxygen
atoms of metal oxides, and the interactions occurred with the
positively charged sulfur atoms in the PEDOT chain.
Furthermore, owing to the relatively low binding energy of
MoO3, stronger interactions occurred among the sulfur atoms
of PEDOT and oxygen atoms of the metal oxide, and lower
torsion angle and stable molecular structures were observed
with h-HTL(Mo) than with h-HTL(W).
The energy levels and images of the alignments of HTLs

determined by UPS are shown in Figure 2c−e. The calculated
HOMO energy levels were −5.14 eV (Ecut‑off = 16.48 eV and
Eon‑set = 0.62 eV) of the pristine HTL Solar, −5.24 eV (Ecut‑off
= 16.41 eV and Eon‑set = 0.65 eV) for h-HTL(W), and −5.34
eV (Ecut‑off = 16.38 eV and Eon‑set = 0.71 eV) for h-HTL(Mo).
These results were consistent with the MM2 calculation
results, indicating that stable molecular structures were formed
with h-HTL(W) and h-HTL(Mo). As a result, the formation
of h-HTLs resulted in the energy level modification of pristine
HTL Solar. These results provide an effective strategy to
address the energy level mismatch encountered with the NFA-
based photoactive donors used in this study via the solution
process (Figure 2e).
3.3. Photovoltaic Properties. The current density−

voltage (J−V) curves and photovoltaic properties of the
devices fabricated using HTLs with various photoactive layers
are shown in Figure 3a−c and Table 1. Additionally, the
photovoltaic properties of devices incorporating e-MoO3 are
shown in Table S1. In the case of the SMD2/ITIC-Th-based
photoactive layer (deep HOMO energy level of the donor), a
maximum PCE of 10.8% (JSC = 18.3 mA cm−2, VOC = 0.878 V,
and FF = 67.0%) was obtained using h-HTL(W). This value
was higher than that of the pristine HTL Solar incorporating
device (8.1%). In the case of P(Cl−Cl)(BDD = 0.2)/IT-4F-
based photoactive layer (low-lying HOMO energy level of the
donor), a maximum PCE of 12.2% (JSC = 20.5 mA cm−2, VOC
= 0.899 V, and FF = 65.9%) was obtained for the h-HTL(Mo)-
based device, affording a higher value than that of the pristine
HTL Solar-based device (9.2%). Furthermore, for the PM6/
BTP-4Cl-12-based photoactive layer (deep HOMO energy
level of the donor), similar to the case of SMD2, a maximum
PCE of 14.2% (JSC = 24.2 mA cm−2, VOC = 0.858 V, and FF =
68.4%) was obtained for the h-HTL(W)-containing devices,
thereby affording the best performance. These results showed
similar values of JSC and VOC and a slightly lower FF value
compared to those for the devices with e-MoO3, the
commercial HTL (Figure S4 and Table S1). In other words,
the issue of VOC drop was resolved in the solution-processed
devices, and a high current density values were achieved.
Therefore, the JSC, VOC, and FF values were improved in the

h-HTL(W)-containing devices with the SMD2 and PM6
systems with deep HOMO energy levels as well as in the h-
HTL(Mo)-containing devices with the P(Cl−Cl)(BDD = 0.2)
system with a low-lying HOMO energy level. This was because
the use of h-HTLs allowed a well-matched energy level
alignment between the NFA-based photoactive donors and
paired h-HTLs, leading to enhanced internal built-in
potential.56,57 The apparent energy level alignments were

analyzed through UPS measurements by applying HTLs to the
photoactive layers (Figures S5−S7). As pristine HTL Solar was
used, the SMD2/ITIC-Th- and PM6/BTP-4Cl-12-based
photoactive layers with the deep HOMO energy levels showed
larger energy barriers compared to those of the pristine
photoactive layers. The introduction of pristine HTL Solar
onto SMD2 and PM6-based photoactive layer showed higher
hole injection barriers due to energy level mismatch between
donor and HTL Solar (Figure 2e). However, with the
incorporation of h-HTL(W), the lowest energetic barriers
were observed with the photoactive layer, leading to well-
matched energy levels and improved JSC and VOC (Figures S5
and S6). Similarly, for the P(Cl−Cl)(BDD = 0.2)/IT-4F-based
photoactive layer with low-lying HOMO energy levels, the
application of the h-HTL(Mo) led to the formation of
optimized energetic barriers, affording well-matched energy
levels (Figure S7).
In contrast, the introduction of other h-HTLs (not

matched) resulted in slightly inferior performances than
those of the donor and h-HTL-matched combinations
[SMD2 and PM6 with h-HTL(W) and P(Cl−Cl)(BDD =
0.2) with h-HTL(Mo)], as shown in Table S2. However, the
favorable energy-level matching was achieved through the
concentration control of the h-HTLs. The J−V curves and
photovoltaic properties with the variation in the concentration
of the h-HTL contents are shown in Figures S8−S10 and
Tables S3−S8. In the SMD2 and PM6 systems, the h-
HTL(W) showed the best matching, but when h-HTLs(Mo)
were introduced, some well-matched alignments with max-
imum VOC were also observed (Figures S8 and S9 and Tables
S3−S6). The optimal concentrations of the h-HTL(W) were
different for the SMD2 and PM6 systems with values of 4 and
2 w/w %, respectively, and those of the h-HTL(Mo) were 0.5
and 1 w/w %, respectively. These were because PM6 showed
slightly higher HOMO energy levels than those of SMD2.
Additionally, in the P(Cl−Cl)(BDD = 0.2) system, com-
parable VOC and PCE values were obtained not only with the
h-HTLs(Mo) but also with a high concentration (16 w/w %)
of h-HTLs(W) (Figure S10 and Tables S7−S8). These results
indicate that by varying the contents, h-HTLs afford universal
characteristics of well-matched alignment with the NFA-based
photoactive layers, regardless of HOMO energy levels.
The EQEs and calculated JSC (cal. JSC) values of the

fabricated devices are shown in Figure S11a−c and Table 1.
With the application of pristine HTL Solar and h-HTLs,
improved EQE values were achieved in a wide range of
wavelengths (at λ = 350−900 nm) compared to those for the
devices without the HTLs. In the devices with h-HTLs, the
values of calculated JSC were 16.02, 18.53, and 22.23 mA cm−2

for SMD2, P(Cl−Cl)(BDD = 0.2), and PM6, respectively,
exhibiting a similar trend with the increase of JSC values from
Table 1. This result was attributed to the effective carrier
dissociation induced by the well-matched energy level
alignment of the NFA-based photoactive layer and h-HTL.58

Furthermore, at 450−800 nm, the devices with h-HTLs
showed slightly lower EQE values compared to those with e-
MoO3. These results exhibited that despite the presence of
surface vacancies and occurrence of carrier recombination in
the devices fabricated via the solution process, the h-HTLs
were comparable to those of the devices fabricated by
evaporation (Figure S12).59

3.4. Carrier Dissociation Properties and FF. After
introducing pristine HTL Solar and h-HTLs, CDP was
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analyzed through photocurrent density−effective voltage (Jph−
Veff) measurements (Figure 3d). The saturated photocurrent
and normal photocurrent density were calculated through
measurements under illumination and dark conditions. The h-
HTL-containing devices showed higher Jph values than the
pristine HTL Solar-containing devices, and fast saturation was
observed at a Veff of approximately 0.7 V (Figures 3d and S13).
With the use of pristine HTL Solar and optimized h-HTLs,
carrier dissociation probabilities of 96.28 and 96.54%,
respectively, in the SMD2-based devices, 97.74 and 97.87%,
respectively, in the P(Cl−Cl)(BDD = 0.2)-based devices, and
95.91 and 97.02%, respectively, were observed in the PM6-
based devices (at a Veff of approximately 1 V). As a result, the
h-HTL-containing devices showed a tendency toward fast
saturation, exhibiting high carrier dissociation tendency [in
high carrier dissociation region (CDR)]. In contrast, pristine
HTL Solar-containing devices exhibited low carrier dissocia-
tion tendency (in low CDR) with slow saturation at high Veff.
As a result, the h-HTLs induced efficient carrier dissociation,
which consequently contributed toward increases in the JSC
and FF values.60,61

With the measurement of the dependence of VOC and JSC
under various illumination conditions, the carrier recombina-
tion properties of the pristine HTL Solar and h-HTL-
incorporating devices were analyzed (Figures 3e,f and S14).
For light intensity (I), the relationship of VOC ∝ kT/q ln(I) is
satisfied.62,63 As optimum h-HTLs were introduced in the
SMD2, P(Cl−Cl)(BDD = 0.2), and PM6-based photoactive
layers, the slope values were 1.090kT/q, 1.084kT/q, and
1.042kT/q, respectively. Also, pristine HTL Solar was
introduced as above, the slope values were 1.154kT/q,
1.134kT/q, and 1.107kT/q, respectively. Additionally, the
power-law relationship of JSC ∝ Iα is fulfilled.64 As optimum
h-HTLs were introduced in the SMD2, P(Cl−Cl)(BDD =
0.2), and PM6-based photoactive layers, the slope (α) values
were 0.981, 0.987, and 0.991, respectively. Also, pristine HTL

Solar was introduced as above, and the slope (α) values were
0.968, 0.795, and 0.983, respectively. In general, when the
slope values of kT/q are closer to 1.0, suppressed trap-assisted
recombination is observed, and when the slope value of α is
closer to 1.0, suppressed bimolecular recombination is
exhibited.62−64 The h-HTL-incorporating devices showed
excellent dependent property with suppressed carrier recombi-
nation properties. Furthermore, the measurement of dark J−V
curves of the fabricated devices showed a low leakage current
under reverse bias and high current density under forward bias
for the h-HTL-incorporating devices (Figure S15). Con-
sequently, with the introduction of h-HTLs, well-matched
energy level alignments were formed, affording efficient carrier
dissociation and suppressed carrier recombination. Therefore,
JSC and FF were significantly improved with lowest variation
values as shown in Table 1, indicating higher reliabilility.65

3.5. Atomic Signals and Conductivity Measurement.
The surface XPS properties of the pristine HTL Solar and h-
HTLs are shown in Figures 4 and S16. With the formation of
h-HTLs, the carbon (C 1s) atomic signals decreased due to an
increase of the metal oxide content (Figure S16a). The oxygen
(O 1s) atomic signals of h-HTLs showed a peak shift of
approximately 0.2 eV compared to the peak of the pristine
HTL Solar (532.1 eV: C−O peak; Figures S16b and S17). Due
to the formation of the h-HTLs, the O 1s atomic signal peaks
of the PEDOT molecules became more enhanced compared to
those of the PSS molecules (Figure S17b,c).66 In contrast, as
shown in Figure 4a−c, the sulfur (S 2p) atomic signals of the
pristine HTL Solar and h-HTLs showed the typical peaks of
PEDOT (approximately 163.9 and 165.1 eV for S 2p3/2 and S
2p1/2 peaks, respectively) and PSS (168.7 eV for sulfur of
thiophene) molecules.67,68 With the use of WO3 and MoO3,
PSS peaks decreased significantly [h-HTL(W): 21.66%
decrease; h-HTL(Mo): 16.57% decrease], and PEDOT peaks
increased considerably [h-HTL(W): 26.03% increase; h-
HTL(Mo): 33.26% increase] (Figure 4a−d). With the

Figure 4. Surface XPS characteristics of HTL films. S 2p atomic signals of (a) pristine HTL Solar, (b) h-HTL(W), (c) h-HTL(Mo), and (d) three
HTLs. (e) W 4f atomic signals and (f) Mo 3d atomic signals of HTLs against pristine metal oxides.
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formation of h-HTLs, the stacking of the PEDOT molecules
was enhanced, inducing the screen effect of the PSS molecules
and a consequent increase in conductivity. Furthermore, the
electrical resistivity and conductivity properties obtained
through the four-probe measurements were 5.657 Ωm and
0.176 S m−1, 4.718 Ωm and 0.212 S m−1, and 3.424 Ωm and
0.292 S m−1 for pristine HTL Solar, h-HTL(W), and h-
HTL(Mo), respectively. As a result, conductivity properties
were significantly enhanced with the formation of h-HTLs,
resulting to be favorable for enhanced carrier transport (Figure
S18).
The formation of h-HTL(W) afforded a shift in the peaks

(36.0 and 38.1 eV for W 4f7/2 and W 4f5/2 peaks, respectively)
compared to the typical peaks of pristine WO3 (35.8 and 37.9
eV for W 4f7/2 and W 4f5/2 peaks, respectively) (Figure 4e).
Similarly, the formation of h-HTL(Mo) also showed peak
shifts (232.8 and 236.0 eV for Mo 3d5/2 and Mo 3d3/2,
respectively) compared to the typical peaks of pristine MoO3
(232.6 and 235.8 eV for Mo 3d5/2 and Mo 3d3/2, respectively)
(Figure 4f). These results were because effective conversion
occurred from W5+ and Mo5+ structures formed by solution-
processed HTLs to W6+ and Mo6+ structures containing
stoichiometrically small amounts of oxygen vacancies. The
appropriate oxygen vacancies with n-doping are important for
the conductivities of WO3 and MoO3.

69−71 Consequently, the

changes in the energy levels and enhancement in conductivity
of the h-HTLs were results of the modification of electronic
structures by hybridization.

3.6. Surface Morphology and Crystalline Character-
istics. The surface and crystalline properties of the h-HTLs are
also directly related to the electronic structures. The surface
contact angles and surface energies of various HTLs are shown
in Figures 5a−d and S19. For the pristine HTL Solar, a contact
angle of 27.6° and a surface energy of 69.53 mN m−1 were
obtained, while for h-HTL(W) and h-HTL(Mo), the contact
angles and surface energies were 33.4° and 65.80 mN m−1 and
41.0° and 59.78 mN m−1, respectively. In general, superior
interfacial contact is observed at the junctions with similar
surface energies.72,73 As shown in Figure S19, even after the
HTLs were introduced on the photoactive layer, the h-HTL
films showed higher contact angles and lower surface energies
than the pristine HTL Solar film. In other words, the
introduction of h-HTLs showed more hydrophobic surfaces
than pristine HTL Solar film. As a result, good interfacial
contact with the photoactive layers was formed with the
introduction of h-HTLs.
The surface morphologies of different HTLs are shown in

Figure 5e−g. The pristine HTL Solar film showed a root-
mean-square (RMS) roughness (Rq) of approximately 2.90
nm, indicating a relatively rough surface (Figure 5e). In

Figure 5. Contact angle and surface energy characteristics of (a) HTL Solar, (b) h-HTL(W), and (c) h-HTL(Mo) films, and (d) surface energy
graph of photoactive layers and HTLs. The surface morphology characteristics of (e) HTL Solar, (f) h-HTL(W), and (g) h-HTL(Mo) films. The
GIWAXS characteristics of (h) HTL Solar, (i) h-HTL(W), and (j) h-HTL(Mo) films, and (k) line-cut profile characteristics of HTL films along
the in-plane (IP) and out-of-plane (OOP) directions.
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contrast, the h-HTL(W) and h-HTL(Mo) films exhibited
highly flattened surfaces, but slightly aggregated surfaces were
observed due to the formation of metal oxides (Figure 5f,g).
Therefore, the introduction of metal oxides improved the
interfacial contact between the highly hydrophilic HTL Solar
and hydrophobic photoactive layers, leading to good film
formation with high conductivity.
The GIWAXS images and line-cut profiling graphs of the

HTL films are shown in Figure 5h−k. Typically, HTL Solar
has a perpendicular molecular orientation to the substrate,

showing high conductivity.66 The pristine HTL Solar film
showed strong (100) peaks at qz of 0.33 Å−1 along the out-of-
plane direction, exhibiting a perpendicularly lamellar-stacked
molecular structure (Figure 5h).74,75 The peaks of PSS and
PEDOT molecules were observed at 1.28 and 1.88 Å−1,
respectively, and the PEDOT peaks were lower in intensity
than those of the PSS molecules, forming a crystalline structure
unfavorable for good conductivity.75 In contrast, h-HTL(W)
and h-HTL(Mo) films exhibited strong (100) and (200) peaks
at qz of 0.33 and 0.66 Å−1, respectively, forming strong

Figure 6. Universal application of h-HTLs for solution-processed large-area modules. (a) Schematic images of fabricated large-area modules (active
area of 4.7−30.0 cm2 with 3∼8-cell connected modules, P1 is the active area and P2 is the dead area of modules). (b) PM6/BTP-4Cl-12 (module
#1, active area of 4.7 cm2) introducing pristine HTL Solar and h-HTL(W). (c) Picture of fabricated printable modules with a printed-Ag electrode
(active area of 30 cm2). (d) Photovoltaic characteristics of fabricated modules with h-HTL(W) and printed-Ag (printable modules) and STP
modules based on the photoactive layer of PM6/BTP-4Cl-12 (active area of 30 cm2). (e) Picture of fabricated STP modules via the solution
process (active area of 30 cm2).

Table 2. Photovoltaic Performances of Solution-Processed Modules Introduced Based on PM6 and P(Cl−Cl)(BDD = 0.2)
Introducing h-HTLs under Optimal Process Conditionsa

BHJ layer
area
[cm2] HTLs JSC [mA cm−2] VOC [V] FF [%]

PCEmax
b

[%]
RSh

c

[Ω cm2]
RS
c

[Ω cm2]

PM6d/BTP-4Cl-12 4.7 HTL Solarf 7.8 (7.5 ± 0.29) 2.3 (2.2 ± 0.05) 55.4 (55.1 ± 0.34) 9.9 3848.7 87.4
4.7 HTL Solarg 7.6 (7.5 ± 0.14) 2.3 (2.2 ± 0.06) 56.2 (55.9 ± 0.29) 9.8 3994.2 89.3
30.0 HTL Solarf 2.9 (2.6 ± 0.31) 4.7 (4.6 ± 0.05) 41.8 (41.5 ± 0.30) 5.7 6927.9 561.3
4.7 h-HTL(W)f 7.9 (7.7 ± 0.22) 2.5 (2.5 ± 0.00) 61.7 (61.5 ± 0.24) 12.0 5501.7 82.1
4.7 h-HTL(W)g 7.8 (7.7 ± 0.10) 2.5 (2.5 ± 0.00) 58.9 (58.7 ± 0.18) 11.6 5427.3 86.7
30.0 h-HTL(W)f 2.9 (2.7 ± 0.21) 6.2 (6.1 ± 0.05) 48.9 (48.7 ± 0.19) 8.8 7337.3 528.3
30.0 h-HTL(W)h 2.9 (2.6 ± 0.29) 6.3 (6.3 ± 0.02) 44.3 (44.0 ± 0.24) 8.1 7137.8 532.3

P(Cl−Cl)(BDD = 0.2)e

/IT-4F
4.7 HTL Solarf 8.2 (7.9 ± 0.25) 2.6 (2.5 ± 0.07) 43.4 (55.1 ± 0.34) 9.2 2713.8 79.2

4.7 h-HTL(Mo)f 8.3 (8.2 ± 0.13) 2.7 (2.7 ± 0.03) 49.2 (49.0 ± 0.17) 11.0 3832.3 73.5
aModules were fabricated with inverted structure (ITO/ZnO/photoactive layer/solution-processed HTLs/Ag, active area of 4.7 and 30.0 cm2).
bMaximum value was obtained from the best performance among fabricated modules. cRSh and RS were calculated in the equivalent circuit. dPM6-
based devices exhibited the best performance when composed of BTP-4Cl-12 (thermal treatment at 100 °C for 10 min). eP(Cl−Cl)(BDD = 0.2)-
based devices exhibited the best performance when composed of IT-4F (thermal treatment at 140 °C for 10 min). fModules were fabricated via the
spin-coating process. gModules were fabricated via the slot-die coating process. hModules were fabricated via the all-solution process without any
evaporation process.
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lamellar-stacked structures compared to that of the pristine
HTL Solar films. Furthermore, the peak intensity of the
PEDOT molecules increased with the formation of h-HTLs,
leading to a strong π−π stacking of the PEDOT molecules. For
deeper insights into the crystalline structure, the crystal
coherence lengths of the peaks were calculated using the
Scherrer equation for analyzing crystal size (LC) (Table S9).
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HTL Solar exhibited FWHM values of 0.495 and 0.307 Å−1

along the qxy and qz axis with corresponding crystal sizes of
11.41 and 18.39 Å, respectively, which were domain sizes of
PEDOT and PSS molecules. In contrast, h-HTL(W) and h-
HTL(Mo) exhibited FWMH values of 0.426−0.427 and
0.280−0.283 Å−1, which corresponded to crystal sizes of 13
and 20 Å, respectively. These results indicate that the h-HTLs
formed strong aggregation of PEDOT molecules with a large
domain. As a result, the formation of h-HTLs resulted in the
formation of good morphology through the control of surface
properties. Furthermore, h-HTL formation contributed to the
enhancement of conductivity through the aggregation of
PEDOT molecules.
3.7. Solution Processable, Printable, and STP Large-

Area Modules with h-HTLs. For the successful commerci-
alization of OSCs, the application of a solution process and
large-area fabrication is necessary. In particular, for the
development of high-performance large-area modules, good
surface properties and high conductivity to overcome the
thickness tolerance, as well as appropriate coating methods are
the prerequisites.25,77,78 The h-HTLs are suitable for large-area
fabrication via a solution process owing to their good
interfacial contact and high conductivities. In addition, based
on the energy levels of the photoactive donors, energy-level
matching can be facilitated by the introduction of suitable
metal oxides. The images and photovoltaic properties of
solution processable and printable large-area modules are
shown in Figures 6 and S20 and Table 2. As shown in Figure
6a, the fabricated modules have three- and eight-cell
connection (two types of modules with an active area of 4.7
cm2 with a three-cell connection and 30.0 cm2 with an eight-
cell connection), comprising P1 (active area) and P2 (dead
area). To minimize P2, each layer was formed through a
solution process, and then, the patterning process was
performed to fabricate the modules. Thus, the geometrical
FF of the fabricated large-area module was approximately
81.6%, exhibiting relatively higher FF comparable with unit
devices.79 In the modules fabricated using PM6-based
photoactive layers with deep HOMO energy levels and h-
HTL(W) (module #1), a maximum PCE of 12.0% was
achieved, affording higher efficiency, VOC, and FF than those of
the pristine HTL Solar-based module (9.9%) (Figure 6b).
Similarly, in the modules fabricated using the P(Cl−Cl)(BDD
= 0.2) donors with low-lying HOMO energy levels and h-
HTL(Mo) (module #2), a maximum PCE of 10.6% was
achieved, resulting in a better performance than that of the
pristine HTL Solar-module (9.2%) (Figure S20).
With these techniques, the large-area printable modules

(active area of 30.0 cm2) were fabricated with h-HTL(W) and
printed-Ag electrode formed through bar coating (Figure 6c).
Also, the large-area solution-processed modules (active area of
30.0 cm2) were fabricated with h-HTL(W) and evaporated-Ag
(Figure S21). The solution-processed modules and printable
modules exhibited 8.8 and 8.1% of PCEs, respectively (Figures
S21 and 6d). Both solution-processed and printed modules
exhibited high photovoltaic properties resulting from enhanced

electronic and physical properties of h-HTL(W). These high
PCEs were higher than pristine HTL Solar-incorporated
modules (Table 2) and had comparable levels with the
modules fabricated with e-MoO3, resulting from high photo-
voltaic factors, especially VOC and FF (Table S10).
For extending applications of large-area modules, the STP

modules (active area of 30.0 cm2) were fabricated by
introducing h-HTL(W) and the reported STP electrode.5,80,81

The STP modules were fabricated with an inverted structure
(ITO/ZnO/photoactive layer/h-HTL(W)/Au/Ag). The pho-
tovoltaic properties are shown in Figure 6d and Table S11, and
the picture of fabricated STP modules is shown in Figure 6e.
The STP modules exhibited 7.2% of PCE with high VOC and
FF, similar tendency with solution-processed and printable
modules. The average visible transmittance (AVT) values were
calculated from the test method of KS L 2514. The formulae
and measured factors are explained in Supporting Informa-
tion.82 The calculated AVT value of h-HTL(W)-incorporated
STP electrodes was approximately 59.09% which was higher
than those of the pristine STP electrodes with 49.38% (in
Figure S22). This higher AVT value of h-HTL(W)-
incorporated STP electrodes resulted from the high refractive
index of the WO3 layer, affording optically higher trans-
parency.83,84 As a result, the fabricated STP module exhibited
approximately 22.30% of AVT at λ = 380−780 nm (Figure
S23).
With the introduction of suitable h-HTLs on the respective

photoactive layers, energy-level matching was achieved with an
increase in the interfacial contact, thereby resulting in
enhanced conductivity. Consequently, the introduction of the
h-HTLs resolved the issue of energy level mismatch in NFA-
based OSCs and large-area modules, and enhanced electronic
properties were obtained via a simple process. Furthermore,
the h-HTLs have high potential for boosting transparency of
STP electrodes with high transmittance properties. Consider-
ing these advantages, the h-HTLs can be potentially applied to
the large-area, STP, and flexible modules, indicating their
versatile applicability in various fields of organic electronics.

4. CONCLUSIONS
In this study, for the fabrication of high-performance NFA-
based large-area OSCs and modules via a solution process, the
h-HTLs incorporating WO3 and MoO3 were developed. The
h-HTLs formed structures with a stoichiometrically small
amount of oxygen vacancies (forming W6+ and Mo6+

structures) from the W5+ and Mo5+ structures formed n-
doping states by solution-processed HTLs. This was attributed
to the changes in the electronic structures owing to the high
electronegativities of W and Mo atoms. The h-HTLs
controlled the HOMO energy levels by variation of the
contents of metal oxides, and then they could be applicable
regardless of energy levels of the NFA-based photoactive layer.
In addition, the h-HTL formation led to enhanced
conductivity because of suitable interfacial matching and
strong π−π stacking of the PEDOT molecules. As a result,
in the NFA-based photoactive layer, PCEs of up to 14.2% were
obtained using h-HTLs in unit cells. Furthermore, PCEs of up
to 12.0% were achieved in the modules (active area of 4.7
cm2), demonstrating excellent device-to-module transfer. Also,
the solution-processed modules and printable modules (active
area of 30 cm2) exhibited 8.8 and 8.1% of PCEs, resulting from
enhanced electronic and physical properties of h-HTLs.
Finally, for extended application of large-area modules, the
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STP modules (active area of 30 cm2) were successfully
fabricated by introducing h-HTLs and STP electrodes,
exhibiting 7.2% of PCE and 22.30% of AVT in λ = 380−780
nm range. These results indicate that the devices and modules
can be fabricated through a simple solution process, regardless
of the types of the NFA-based photoactive layer. Furthermore,
the developed method can be applied to the next-generation
organic electronics and flexible modules based on the solution
processes.
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