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Broader context 

Although the electron and hole transport layers (ETL and HTL) enhance charge transport in 

organic solar cells (OSCs), interface challenges remain. Here, we propose a novel fabrication approach 

that eliminates ETL and HTL, simplifying the structure while maintaining high performance through 

interfacial treatments only. To implement a Metal-Semiconductor-Metal (MSM) structure, we explored 

three strategies. Type-I used a self-assembled monolayer at the anode interface and an amine salt at the 

cathode interface. Type-II applied different salts at both interfaces. Type-III incorporated a mixture of 

phosphotungstic acid and active materials for hole extraction while using salt for electron extraction. 

All strategies successfully achieved MSM-structured OSCs with promising efficiency. This approach 

significantly streamlines module fabrication, and we successfully fabricated modules in just three steps.

.
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Cho*a

Although the electron and hole transport layers (ETL and HTL) enhance charge transport in organic solar cells (OSCs), 
interface challenges remain. Here, we propose a novel fabrication approach that eliminates ETL and HTL, simplifying the 
structure while maintaining high performance through interfacial treatments. To implement a Metal-Semiconductor-Metal 
(MSM) structure, we explored three strategies. Type-I used a self-assembled monolayer at the anode interface and an amine 
salt at the cathode interface. Type-II applied different salts at both interfaces. Type-III incorporated a mixture of 
phosphotungstic acid and active materials for hole extraction while using salt for electron extraction. All strategies 
successfully achieved MSM-structured OSCs with promising efficiency. This approach significantly streamlines module 
fabrication, and we successfully fabricated modules in just three steps.

Introduction
In the first organic solar cell (OSC) reported by Ching W. Tang et 
al. in 1986, the photoactive layer was in direct contact with both 
cathode and anode electrodes without any additional charge 
extraction layers.1 At that time, most attention was focused on 
the composition of the photoactive layer rather than on the 
contact interface with the electrodes. The photoactive layer of 
the first OSC consisted of a bilayer structure of P-type copper 
phthalocyanine and N-type perylene tetracarboxylic derivative. 
However, the power conversion efficiency (PCE) of this initial 
OSC was quite low (0.95%) due to the limited charge generation 

and transport to the electrodes. In 1995, Heeger and colleagues 
introduced the bulk-heterojunction (BHJ) structure into the 
photoactive layer, significantly increasing the donor-acceptor 
interface area where excitons are dissociated and reducing the 
exciton diffusion length, thereby greatly enhancing the PCE.2

Alongside the optimization of the photoactive layer morphology 
to generate sufficient charge, the efficient extraction of these 
charges to the electrodes is also essential for achieving high PCE. 
Devices incorporating PEDOT:PSS to improve hole transport 
properties between ITO and the photoactive layer3,4 and a thin 
LiF layer to enhance electron transport between the metal top 
electrode and the photoactive layer5,6 have shown significantly 
improved PCE compared to those with the original metal-
semiconductor(photoactive)-metal (MSM) structure. As 
interface challenges between the photoactive layer and 
electrodes became apparent, the hole transport layer (HTL) and 
electron transport layer (ETL) were established as essential 
components for achieving high-performance OSCs.
Various materials have since been developed and utilized as HTL 
and ETL. First, PEDOT:PSS, which has been used since the early 
stages of OSC research, is still the most widely used HTL 
material.7-9 Secondly, metal oxides (e.g., MoO3, V2O5, NiO for 
HTL10-12, and ZnO, TiO2, SnO2 for ETL13-15), alcohol-based soluble 
polymers (e.g., PEI, PEIE, PFN, CPE complexes)16-19, and small 
molecules (e.g., perylene diimide (PDI) derivatives)20,21 have 
also been employed. These materials facilitate charge 
extraction from the photoactive layer to the electrodes, yet the 
introduction of ETL and HTL also creates additional interfaces, 
leading to new interfacial challenges. As a result, issues arising 
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from ETL and HTL remain critical challenges in OSC research, 
with non-ohmic contacts often forming between the ITO and 
transport layer or between the transport layer and top 
electrode.22,23

Even materials considered effective have their own issues. For 
instance, ZnO, the most common N-type metal oxide for ETL, 
can generate oxygen-containing defects that penetrate the 
photoactive layer, leading to photocatalytic reactions with non-
fullerene acceptors (NFA) under UV light and thus 
compromising OSC stability. Alcohol-based soluble polymers 
such as PEI, PEIE, and CPE complexes exhibit low conductivity 
due to their insulating nature and are sensitive to thickness. 
Additionally, small molecules such as PDINO and PDINN have 
limitations, including complex synthesis processes, poor 
thermal stability, and difficulty forming uniform films due to 
their planar molecular structures, which tend to form large 
aggregates during film formation.
PEDOT:PSS, the most widely used and well-established material, 
faces several stability challenges that significantly affect the 
performance and lifetime of OSCs. Due to its hydrophilic nature, 
PEDOT:PSS readily absorbs moisture from the atmosphere, 
leading to swelling and electrical degradation, thus 
compromising environmental stability.24,25 Furthermore, its 
high acidity (pH ~1.5-2.5) corrodes the indium tin oxide (ITO) 
electrode, increasing contact resistance and accelerating device 
deterioration.25,26 PEDOT:PSS also exhibits limited thermal 
stability, making it unsuitable for high-temperature applications. 
At elevated temperatures, phase separation between PEDOT 
and PSS occurs, reducing conductivity and raising resistance, 
thereby accelerating device degradation.27,28 Additionally, the 
adhesion of PEDOT:PSS to other layers, particularly electrodes, 

is often weak, causing delamination and poor mechanical 

stability.29 Finally, PEDOT:PSS is highly sensitive to UV radiation 
and oxygen exposure, resulting in increased resistance and 
charge trapping, negatively affecting both efficiency and device 
lifetime.30,31

Importantly, in the fabrication of large-area modules, the 
patterning of ETL and HTL is essential to prevent intercell 
contact and lateral transport between sub-cells. Typically, 
patterning not only involves the use of expensive laser 
equipment, but also introduces damage protection layers and 
barriers during the patterning process, making the fabrication 
process even more complex. Therefore, if modules can be made 
without ETL and HTL, the module fabrication process is 
expected to be greatly simplified.
To ultimately address these issues, it is necessary to implement 
an OSC with an MSM structure that eliminates HTL and ETL 
without sacrificing performance. In this study, we implemented 
HTL- and ETL-free MSM structure OSCs by employing small 
molecule salts as interfacial modifiers between the photoactive 
layer and the electrodes. To achieve the MSM structure, we 
employed three approaches (see Fig. 1). In quasi-MSM (Type-I) 
devices, a self-assembled monolayer (SAM) was introduced at 
the hole-extracting anode interface, while 
tetrahexylammonium iodide (THA-I) salts were used to modify 
the electron-extracting interface. In Type-II devices, two 
different salts, rubidium-tetraphenylborate (Rb-TPB) and THA-I, 
were used to modify the hole and electron extraction interfaces, 
respectively. In Type-III devices, phosphotungstic acid (PTA) was 
mixed into the photoactive material for simultaneous coating, 
naturally forming the hole extraction interface, while the 
electron extraction interface was modified with the THA-I salt. 
Although there were slight variations in performance among 

the different types, all three types operated effectively without 

(a) Conventional Structure

Ag

PDINN

(b) Type-I : Quasi-MSM

SAM

THA-I
Ag

N

Se

P

BrBr

OH
HO O

Br-2EPSe

Ag

(c) Type-II : MSM THA-I

Ag

Rb-TPB

(d) Type-III : MSM
THA-I

PTA

Ag

Fig.1 Three approaches to the Metal-Semiconductor-Metal (MSM) structure. (a) Conventional structure with HTL and ETL. (b) Type-I: Quasi-
MSM with Br-2EPSe SAM and THA-I N-type salt serving as the hole and electron extraction interfaces, respectively. (c) Type-II: MSM with Rb-
TPB P-type salt and THA-I N-type salt serving as the hole and electron extraction interfaces, respectively. (d) Type-III: MSM incorporating a 
photoactive layer with PTA and THA-I N-type salt.
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the need for ETL and/or HTL. Notably, the Type-III method 
demonstrated robust performance even when fabricated on a 
large scale.

Results and discussion
Type I. Quasi-MSM device with SAM for holes & N-type salt for 
electrons

The use of SAM as a substitute for hole transport layer in OSCs 
is a well-established approach, with successful examples 
reported by numerous researchers. We have demonstrated 
OSCs with a quasi-MSM structure by introducing THA-I salts into 
the electron extraction path along with a SAM-based hole 
extraction layer using 2-(3,7-dibromo-10H-phenoselenazine-
10-yl)ethyl)phosphonin acid (Br-2EPSe), which has already been 
proven.32,33 We named Type-I a quasi-MSM because we were 
cognizant of the counterargument that monolayers are also 
layers. The analysis of SAM-introduced devices has been 
extensively covered in other literatures, so we will not go into 
details here and focus on THA-I only. 
THA-I is directly applied on top of the photoactive layer, which 
consists of PM6:L8-BO (Fig. S1, ESI†), using a simple spin-coating 
method. THA-I exhibits good solubility in common alcoholic 
solvents such as 2-propanol and ethanol. Additionally, it offers 
a straightforward synthesis route and is readily available at a 
low cost in the market. Fig. 2a and 2b presents the current 

density versus voltage (J-V) curves and external quantum 
efficiency (EQE) curves for the optimized devices, respectively. 
The PM6:L8-BO control device without ETL exhibits a maximum 
PCE of 11.93%, with a short-circuit current (JSC) of 24.865 
mA/cm2, an open-circuit voltage (VOC) of 0.766 V, and a fill factor 
(FF) of 62.51%. For comparison, we fabricated the control 
device using a perylene diimide derivative, PDINN, which is 
commonly used as a cathode interlayer in OSCs. The PM6:L8-BO 
device with PDINN shows improved performance, with a 
maximum PCE of 18.08%, a JSC of 26.491 mA/cm2, a VOC of 0.877 
V, and a FF of 77.75%, which is similar to the results reported 
for the same device structure (17.98%) in a previous paper.33 
Surprisingly, when THA-I is applied on top of photoactive layer 
instead of ETL, the PCE increases to 18.41%, with a JSC of 26.695 
mA/cm2, a VOC of 0.877 V, and a FF of 78.65%. The 
corresponding device parameters are summarized in Table 1. 
The use of THA-I was observed to significantly enhance the 
reproducibility of the devices. Fig. 2c shows the PCE distribution, 
indicating that while devices using PDINN demonstrate good 
reproducibility, those using THA-I are distributed within a 
smaller error range.  Of course, we tested various salts with 
structures similar to THA-I. We experimented with different 
alkyl chain lengths and ion substitutions (Fig. S2 and S3, and 
Table S1 and S2, ESI†). Among the substances we tested, 
excluding those that were insoluble in alcoholic solvents or 
difficult to obtain commercially, THA-I showed the most reliable 
performance.
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Fig. 2 Photovoltaic performance of Type-I devices and characterization of PDINN ETL and THA-I N-type salt. (a-c) J-V curves, EQE spectra, and 
PCE distributions of Type-I devices without ETL, with PDINN, and with THA-I, measured under AM 1.5G (100 mW/cm2) illumination, 
respectively. (d-f) AFM surface morphology images, (g-i) KPFM surface potential images, and (j) contact potential difference measurements 
of PM6:L8-BO, PM6:L8-BO/PDINN, and PM6:L8-BO/THA-I films, respectively. (k) UPS spectra of Ag coated with PDINN ETL and THA-I N-type 
salt.
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To check whether THA-I forms an actual layer on top of BHJ, we 
measured whether there was any increase in thickness due to 
the THA-I treatment. However, no noticeable change was 
observed (Fig. S4, ESI†). Atomic force microscopy (AFM) analysis 
of surface morphology did not reveal any significant differences 
after THA-I coating (Fig. 2d and 2f), except for a slight change in 
surface roughness. In contrast, the sample with a PDINN coating 
(approximately 5 nm thick), measured for comparison, showed 
a significantly different surface morphology (Fig. 2e). Although 
no physical changes indicative of layer formation by THA-I were 
observed, surface potential changes induced by THA-I were 
clearly detected in Kelvin probe force microscopy (KPFM) 
measurements. The surface potential images observed on 
PM6:L8-BO, PM6:L8-BO/PDINN, and PM6:L8-BO/THA-I films are 
shown in Fig. 2g to 2i. The contact potential difference (CPD), 
initially measured as 581.6 mV on the PM6:L8-BO surface with 
the biased cantilever tip as a reference, increased (positively 
shifted) to 670.8 mV after THA-I treatment. A positive shift in 
the CPD value indicates a lower Fermi level, while a negative 
shift suggests a higher Fermi level.34 Thus, the positive shift in 
CPD after THA-I treatment reflects a lowered Fermi level on the 
PM6:L8-BO surface, facilitating electron transport. Compared to 
PDINN, the narrower surface potential distribution of the 
PM6:L8-BO film after THA-I treatment demonstrates that THA-I 
is uniformly distributed across the PM6:L8-BO surface (Fig. 2j). 
Furthermore, the change in surface potential induced by THA-I 
appears to occur similarly on the Ag electrode side (Fig. 2k). The 
UPS spectra in the secondary electron cutoff region, shown in 
Fig. 2k, reveal a substantial decrease in the WF of Ag from 4.71 
eV to 3.87 eV after THA-I treatment.
If THA-I does not form a substantial physical layer, the question 
arises as to how it exists on the surface and whether it exists at 
all. To detect direct evidence of the presence of atomic species 
related to THA-I on the surface of the BHJ layer and to 
investigate the working mechanism of THA-I in the OSCs, X-ray 
photoelectron spectroscopy (XPS) measurements were 
conducted under various conditions, including THA-I, Ag/THA-I, 
BHJ/THA-I, and BHJ/THA-I/Ag. Detailed conditions of each XPS 
sample are listed in Table S3 (ESI†). Fig. 3a and 3b show the XPS 
spectra of the I 3d and N 1s core levels, respectively. The I 3d 
spectrum exhibited two distinct 3d doublets, with peaks at high 
and low binding energies (BE) corresponding to I 3d3/2 and I 
3d5/2, respectively. For THA-I, the peak positions of I 3d3/2 and I 
3d5/2 appeared at 629.9 and 618.4 eV, respectively. The N 1s 

spectrum shows a single peak at 402.3 eV, corresponding to the 
N+ state of the THA-I cation. For THA-I on the Ag surface 
(Ag/THA-I), the I 3d3/2 and I 3d5/2 peaks shifted to slightly higher 
BE values of 630.5 and 619.0 eV, respectively, compared to 
those in the THA-I condition. These I 3d peak positions in the 
Ag/THA-I suggest a chemical reaction between the iodides and 
Ag, leading to the formation of Ag-I bonds, consistent with prior 
reports on AgI.35,36 In contrast, the N 1s peak in Ag/THA-I 
remained unchanged at 402.3 eV, indicating the absence of a 
reaction between the THA cations and Ag. This can be attributed 
to the steric hindrance properties of the THA cations.37,38

For THA-I on top of the BHJ layer (BHJ/THA-I), interestingly, the 
I 3d3/2 and I 3d5/2 peaks shifted to lower BE values of 629.5 and 
618.0 eV, respectively. Furthermore, the N 1s spectrum in 
BHJ/THA-I was deconvoluted into three peaks, where the first 
peak at 402.0 eV corresponded to the N+ state of the THA 
cations. The other two peaks, at 400.3 and 398.9 eV, 
corresponded to the N species within the BHJ layer, denoted as 
N01 and N02, respectively. These N01 and N02 peaks exhibit a 
similar pattern to the N 1s spectra observed in the BHJ. Note 
that the acceptor L8-BO contains N species. We observed a shift 
to lower BE in both the I 3d and N+ peaks in BHJ/THA-I compared 
to THA-I, which is probably due to differences in the 
electrostatic properties between the BHJ and Si substrate. The 
formation of AgI can be further confirmed in the BHJ/THA-I/Ag 
condition. Following the deposition of an extremely thin Ag 
layer (ca. 1 nm) onto the BHJ/THA-I surface, the I 3d3/2 and I 
3d5/2 peaks in BHJ/THA-I/Ag shifted again, appearing at 630.5 
and 619.0 eV, respectively, similar to those in Ag/THA-I. 
Importantly, it is worth emphasizing that the I 3d spectrum in 
BHJ/THA-I/Ag was identical to that in Ag/THA-I, providing 
compelling evidence of a reaction between the I anions and Ag. 
Confirmation of AgI formation can also be found in the 
observation of Ag 3d spectra (Fig. 3c). The Ag 3d spectrum 
exhibited two distinct doublets, with the peak at high BE 
corresponding to Ag 3d3/2 and the peak at low BE corresponding 
to Ag 3d5/2. The metallic Ag showed BE values at 374.18 and 
368.18 eV, respectively, denoted as Ag0 3d3/2 and Ag0 3d5/2. The 
Ag 3d spectrum in BHJ/THA-I/Ag exhibited two distinct peaks at 
373.98 and 367.98 eV, representing Ag+ 3d3/2 and Ag+ 3d5/2, 
respectively. This shift in the Ag 3d spectrum in BHJ/THA-I/Ag 
compared to those in BHJ/THA-I provides additional clear 
evidence of the formation of AgI, consistent with the study 
conducted by Yuichi et al.39

Table 1 Photovoltaic parameters of Type-I devices without ETL, with PDINN, and with THA-I. The average PCE values were obtained 
from 20 devices.

VOC
 
[V] JSC [mA/cm2]

EQE 
JSC[mA/cm2]

FF [%] Best PCE [%] PCEavg [%]

w/o ETL 0.766 24.865 23.50 62.51 11.93 10.69 (±0.70)

PDINN 0.877 26.491 25.39 77.75 18.08 17.61 (±0.31)

THA-I 0.877 26.695 25.66 78.68 18.41 18.05 (±0.23)
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To summarize the XPS and UPS results, iodides strongly adhere 
to the Ag surface and form AgI. Simultaneously, the cations of 
THA-I are repelled from the Ag surface due to the polarity 
difference between their hexyl chains and the Ag surface.40 As 
a result, iodides remain close to the Ag surface, while the 
cations of THA-I are positioned farther away, forming a dipole 
interface. The generated interfacial dipoles upwardly shift the 
Evac at the Ag surface, leading to a reduction in the effective WF 
of the Ag electrode facing the BHJ. The combined XPS and UPS 
results are illustrated in an energy band diagram. When the OSC 
is made into an MSM structure without ETL and HTL, the WF 
difference between the bottom electrode (ITO, WF:4.2-4.7 eV) 
and the top electrode (Ag, WF:4.3-4.7 eV) is small, resulting in a 
low internal built-in potential (Vbi), which provides limited 
driving force for charge dissociation and transport, as shown in 
Fig. 4a. Additionally, a large charge extraction barrier exists 
between the electrodes and the BHJ. However, when using Br-
2EPSe SAM and THA-I (Fig. 4b), the WF difference between the 
ITO anode and Ag cathode increases, leading to a larger Vbi. 
Furthermore, the formation of dipoles at the interface between 
the BHJ and the electrodes lowers the energy barrier, allowing 
for efficient charge extraction. A more direct analysis of Vbi 
changes can be observed in the Mott-Schottky analysis shown 
in Fig. S5 (ESI†).
Next, we analyzed how the interfacial changes induced by THA-
I affect charge dynamics, including generation, transport, and 
extraction. Since the effect of Br-2EPSe SAM has already been 
fully analyzed in our previous paper,33 we used a common Br-
2EPSe SAM and focused solely on the effect of THA-I. Fig. 4c 
shows the photocurrent (Jph) versus effective voltage (Veff) 
curves for the OSCs without ETL and with THA-I treatment. The 
analysis results are listed in Table S4 (ESI†). The OSC without ETL 
exhibited an exciton dissociation efficiency of only 82.7% and a 
charge collection efficiency of 76.7%, significantly suppressing 
charge generation and extraction. In contrast, the OSC with 

THA-I treatment showed an exciton dissociation efficiency of 
96.3% and a charge collection efficiency of 91.5%, which are 
better than those of the OSC with PDINN as the ETL. The 
improved exciton dissociation efficiency and charge collection 
efficiency are likely due to the effect of the larger internal 
potential. Fig. 4d and 4e show the transient photocurrent (TPC) 
and transient photovoltage (TPV) decays. From TPC and TPV, 
the carrier transport rate (transport time, τtrans) and the charge 
carrier recombination rate (charge lifetime or recombination 
time, τrec) of OSCs can be determined using a single exponential 
decay model. In TPC (Fig. 4d), the device with THA-I treatment 
showed a shorter decay time compared to the devices without 
ETL and with PDINN. This suggests that charges generated in 
THA-I treated devices arrive at the electrodes more quickly, 
which is consistent with the J-V results showing increased JSC. 
The faster transport property is also observed in electron 
mobility, which is measured using electron-only devices (Fig. S7, 
ESI†). In TPV (Fig. 4e), the device with THA-I treatment exhibits 
a longer decay time, indicating that the recombination at the 
interface is reduced. Considering that the performance 
improvement in the solar cell with THA-I treatment was 
achieved through FF improvement, the TPV result showing a 
reduction in interfacial recombination is consistent with the J-V 
results. The improved charge extraction capability achieved by 
the THA-I treatment can also be confirmed by impedance 
spectroscopy (IS) analysis (see Fig. S8, ESI†). 
In a nanoscratch test conducted to evaluate the adhesive 
interaction between the PM6:L8-BO layer and the Ag electrode, 
the PM6:L8-BO/Ag sample without an ETL exhibited the lowest 
critical adhesion force (Fc) of 1.12 mN (Fig. S9 and Table S5, ESI†). 
The sample with PDINN inserted between the PM6:L8-BO layer 
and the Ag electrode showed an Fc of 1.36 mN, which remained 
similarly low compared to the PM6:L8-BO/Ag sample without 
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Fig 3. Surface properties of THA-I N-type salt. (a) XPS spectra of the I 3d core levels for THA-I, Ag/THA-I, BHJ/THA-I, and BHJ/THA-I/Ag layers. 
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an ETL. In contrast, THA-I treatment on PM6:L8-BO improved 
the Fc between the PM6:L8-BO layer and the Ag electrode to 
1.76 mN. This improvement is attributed to the formation of AgI 
via chemical bonding between the I⁻ ions of THA-I and the Ag 
surface, as confirmed by XPS results. The ionic bonding is likely 
to stabilize the interface between the PM6:L8-BO layer and the 
Ag electrode, potentially enhancing adhesion. 
To assess the impact of THA-I treatment on device performance, 
we evaluated the long-term photostability and thermal stability 
of MSM Type-I devices. The normalized PCE and degradation 
trends over time are summarized in Fig. S11 to S14 (ESI†). Under 
simulated 1 sun illumination (25 °C, 20% RH), MPP tracking of 
encapsulated devices showed that the THA-I-treated device 
retained 82.3% of its initial PCE after 500 hours, significantly 
outperforming the untreated device (27.5%), despite the 
simplicity of the interfacial treatment (Fig. S12, ESI†). As shown 
in Fig. S13 (ESI†), even without encapsulation, the THA-I-treated 
device exhibited superior thermal stability after 500 hours at 
65 °C and 65% RH. 

Type II. MSM device with P-type salt for holes & N-type salt for 
electrons

In Type-II devices, two different salts, rubidium-
tetraphenylborate (Rb-TPB) and THA-I, were used to modify the 
hole extraction pathway and electron extraction pathway, 
respectively. Since Rb-TPB is also presumed to be layerless, it 
can be considered a true MSM from this Type-II onward. In this 
section, we compared two devices, one without HTL and the 
other with Rb-TPB applied, to focus on the effects of Rb-TPB. Fig. 

5a shows the J-V characteristic curves of a device without an 
HTL and a device using Rb-TPB treatment. The WF of the ITO 
surface treated with Rb-TPB did not match well with the 
PM6:Y6-based solar cells, thus PTB7-Th and IEICO-4F were used 
as photoactive layer materials in this Type-II devices (Fig.20, 
ESI†). Detailed device optimization for Rb-TFB concentration is 
provided in Fig. S19 and Table S7 (ESI†). The solar cell without 
HTL shows the poor performance with low FF and significantly 
depressed VOC. However, in the case of solar cells with Rb-TPB 
treatment, the PTB7-Th: IEICO-4F solar cells exhibit 
performance levels comparable to those typically observed 
even without an HTL. 
The surface properties of Rb-TPB-treated ITO (ITO/Rb-TPB) 
were examined using KPFM. No significant morphological 
differences were observed between the bare ITO surface (Fig. 
5c) and the ITO/Rb-TPB surface (Fig. 5d). The surface potentials 
of bare ITO and ITO/Rb-TPB substrates were measured using 
KPFM, as shown in Fig. 5e and 5f. Similar to the THA-I case, Rb-
TPB functions as a layerless modifier, altering only the surface 
properties. The CPD value shifted from -68.89 mV to -352.1 mV 
in a direction more favorable for hole transport, and the surface 
potential distribution became more uniform (Fig. 5e to 5g). 
Additionally, IS, TPV, and TPC analyses confirm a reduced charge 
recombination probability at the interface due to the presence 
of Rb-TPB (Fig. S21, ESI†). Notably, Rb-TPB demonstrates 
promising photovoltaic performance among the P-type salts we 
have examined and tested thus far. However, identifying P-type 
salts suitable for high-performance photoactive materials, such 
as the PM6:Y6 combination, remains a challenge. 
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Fig. 4 Electronic properties of THA-I N-type salt. (a-c) Jph-Veff curves, TPC, and TPV of Type-I devices without ETL, with PDINN, and with THA-
I, respectively. (d) Energy band diagram of the MSM structure without hole and electron extraction interfaces. (e) Energy band diagram of 
Type-I: Quasi-MSM. 
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Type III. MSM device with PTA for holes & N-type salt for 
electrons
In Type-III devices, PTA was mixed into the photoactive material 
for simultaneous coating, naturally forming the hole extraction 
interface, while the electron transport interface was modified 
by introducing the THA-I salt. It was designed with one less 
coating step compared to the Type-II device, resulting in a more 
simplified fabrication process. Some aspects of HTL-free OSCs 
using PTA have already been reported in our previous studies.41 
Therefore, this manuscript will omit a detailed analysis of PTA 
and instead present only the basic performance results of the 
devices fabricated in combination with THA-I that is newly 
found in this work. Fig. 6a and 6b show the J-V characteristic 
and EQE curves of a device without an HTL and a device where 
5% PTA was mixed with the PM6:Y6 photoactive solution and 
coated. For comparison, the results of a device using PEDOT:PSS 
as the HTL are also presented (detail performance parameters 
are listed in Table S9, ESI†). In all three cases, THA-I was used in 
place of ETL. The device using PTA showed a slight decrease in 
VOC, but its overall performance was nearly similar to that of the 
device with PEDOT:PSS HTL. This indicates that the THA-I used 
at the electron transport interface is functioning properly, and 
the PTA, which was simultaneously coated with the photoactive 
layer, is also working as intended. The slight performance 
degradation compared to devices using PEDOT:PSS as the HTL 
is believed to be due to the increased τtrans through the 
photoactive layer, as shown in the TPC results in Fig. 6c. It is 
likely that residual PTA scattered throughout the photoactive 
layer acts as an obstacle to exciton generation, charge 
separation, and transport (see Fig. S27 and S28, and Tables S11 
to S13, ESI†). 
However, the interfacial recombination characteristics were 
observed to improve in the device using PTA. The charge 
recombination properties near open-circuit conditions were 

evaluated by monitoring the VOC values as a function of the 
illuminated light intensity (Fig. 6d). In devices without HTL, 
where the generated holes cannot be effectively extracted, a 
naturally high ideality factor (kBT/q) was observed. Comparing 
the device using PEDOT:PSS with the device using PTA, the 
extracted ideality factor was 1.398 for the PEDOT:PSS-based 
HTL device. In contrast, the device using PTA exhibited a lower 
ideality factor of 1.132, indicating reduced recombination. This 
reduction in recombination was further confirmed by TPV 
measurements (Fig. S27b, ESI†) and intensity-modulated 
impedance spectroscopy (IMPS) measurements (Fig. S28, ESI†). 
However, incorporating PTA into the photoactive layer led to a 
slight reduction in the exciton generation rate (Fig. S27c and 
Table S11, ESI†) and a decrease in charge collection efficiency 
(Table S13, ESI†), contributing to a modest decline in overall 
device performance. Nevertheless, it is noteworthy that devices 
using PTA and THA-I (i.e., without both the HTL and ETL) 
exhibited a performance level comparable to that of devices 
using PEDOT:PSS, demonstrating that this Type-III approach can 
serve as a simple and promising method for fabricating high-
performance organic solar cells. Further optimizations are 
currently underway.

Scale up Module device 

The biggest advantage of HTL- and ETL-free MSM-structured 
solar cells is that it enables simplification of the fabrication 
process when applied to module production. We investigated 
whether the HTL- and ETL-free technology, implemented using 
THA-I and PTA, could simplify the module fabrication process. 
Fig. 5a presents a schematic diagram outlining the key steps 
typically involved in module fabrication. When utilizing SAM 
and THA-I, which have no lateral charge transport 
characteristics, the damage protection layer and its patterning 
process can be omitted (Fig. 7b). A module can be fabricated by 
forming a SAM HTL on the ITO surface, depositing the 
photoactive layer, performing cell patterning, and treating the 
entire device surface with THA-I. THA-I was simply coated and 
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Fig. 5 Photovoltaic performance and characterization of Type-II 
devices. (a) J-V curves of Type-II devices measured under AM 1.5G 
(100 mW/cm2) illumination. (b) EQE spectra, (c and d) AFM surface 
morphology images, (e and f) KPFM surface potential images, and (g) 
contact potential difference measurements of bare ITO and ITO with 
Rb-TPB P-type salt, respectively.
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dried without any patterning process, followed by the 
deposition of the top electrode. A photograph of the fabricated 
module and the J-V curve are shown in Fig. 7c and 7d, 
respectively. Unfortunately, the module using SAM HTL did not 
show very good performance (Table S14, ESI†). As it is well 
known that SAM encounters homogeneity issues when applied 
to large-area processes. We faced the same issue, and thus 
failed to produce a good performance module when 
incorporating SAM into the module process. The module 
fabricated using PEDOT:PSS as the HTL showed better FF with 
an efficiency of 13.94%. Note that the total area of the 
fabricated module is 10 cm x 10 cm, and the active cell area is 
54 cm2 with 11 cells.
Applying the Type-III device fabrication method, which 
incorporates PTA into the photoactive layer, to module 
fabrication significantly simplifies the production process (Fig. 
7e). A printing-based deposition process capable of directly 
patterning the desired shapes was experimentally implemented, 
enabling module fabrication in just three steps: photoactive 
layer + PTA printing, THA-I treatment, and cathode deposition. 
The Type-III device-based module, fabricated using this 
simplified three-step process, exhibits an MSM structure 
consisting of three layers: ITO, the photoactive layer, and the 
top electrode, as illustrated in the schematic cross-sectional 
image of the module in Fig. 7f. This structure arises because PTA 
and THA-I do not form distinct layers at the interface between 
ITO and the top electrode, yet they still facilitate efficient charge 
extraction without enabling lateral charge transport.

Fig. 7g presents a photograph of the fabricated module, while 
Fig. 7h presents the J-V characteristic curves of the fabricated 
modules. The J-V characteristic curve of the PM6:Y6+PTA 
module exhibited slightly enhanced performance nearly 
identical to that of the module fabricated using the method 
shown in Fig. 7b, where PEDOT:PSS was employed as the HTL. 
For reference, the J-V curve of a module in which PTA was 
separately coated-similar to PEDOT:PSS-rather than blended 
into the photoactive layer is also shown. The transition toward 
HTL- and ETL-free OSCs aligns with the broader trend in solar 
technology toward reduced complexity, lower costs, and 
improved manufacturability. The findings reported in this study 
mark an initial step toward the development of solar cells with 
a fully simplified MSM structure. If a wider range of P-type and 
N-type salt materials are discovered or synthetically designed 
and integrated into the fabrication of more stable devices and 
modules, we believe this could significantly contribute to the 
large-scale production of next-generation organic solar cell 
modules.

Conclusions
We successfully demonstrated high-performance OSCs with a 
simplified MSM structure that eliminates the need for both ETL 
and HTL. By utilizing small molecules such as THA-I, Rb-TPB and 
PTA, we effectively modified the interfacial properties, 
enhancing charge extraction and suppress recombination. This 
resulted in PCEs exceeding 18%, comparable to those of 
conventional devices with ETL and HTL. In particular, the Type-

B. Module w/ PEDOT:PSS HTL & THA-I

E. Module w/ PTA & THA-I

A. Module Fabrication Step (conventional)
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Fig.7 Schematic diagram of the module fabrication process: the total module area is 10 cm × 10 cm, with an active cell area of 54 cm2 
comprising 11 cells. (a) Conventional module fabrication process (7 steps). Note that this is also a minimized process with simplified steps. In 
actual module fabrication, more than 12 steps are required, involving a more complex process. (b and c) Intermediate fabrication process (5 
steps) and a photograph of the module using PEDOT:PSS HTL and THA-I N-type salt. (d) J-V curves of the module with PEDOT:PSS HTL or P-
type SAM and THA-I N-type salt. (e-g) Simplified 3-step fabrication process, a module cross-sectional image, and a photograph of the Type-
III module, respectively. (h) J-V curves of the Type-III module with a photoactive layer incorporating PTA and THA-I N-type salt. Modules with 
PTA or PEDOT:PSS HTL were fabricated as control references. 
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III module device demonstrated strong potential for scalability, 
offering a streamlined fabrication process suitable for large-
area modules without sacrificing device performance. In 
conclusion, our study presents a groundbreaking approach that 
reduces manufacturing complexity and costs while improving or 
maintaining device performance. This novel strategy paves the 
way for more sustainable and scalable production of OSC 
modules, addressing critical challenges in the 
commercialization of OSCs.
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