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A B S T R A C T

This study investigates the application of new hole transport layers (HTLs) integrating magnesium and palladium 
metals with the organic polymer poly(styrene sulfonate) (PSS) in organic solar cells (OSCs). When used alone, 
these HTLs exhibited various drawbacks; however, blending them with the benchmark material PEDOT:PSS 
mitigated these issues and improved efficiency. Ultraviolet photoelectron spectroscopy (UPS) and X-ray pho
toelectron spectroscopy (XPS) measurements provided a detailed understanding of the interfacial energy level 
alignment, electronic band structure, and band bending at the HTL/PTB7 interface. Single Mg:PSS and Pd:PSS 
OSCs showed efficiencies of 6.232 and 5.836%, respectively. The relatively low open-circuit voltage (VOC) and 
fill factor (FF) were attributed to Auger recombination under light intensity. UPS and XPS also indicated that the 
hole extraction capability of PTB7 was hindered, leading to recombination at the barrier. By blending with 
PEDOT:PSS, the efficiencies of Mg:PSS and Pd:PSS were improved to 8.356 and 8.303%, respectively. This 
improvement was due to reduced current leakage, resulting from higher shunt resistance and lower series re
sistance, as observed in dark current measurements. Additionally, the formation of ohmic contacts at the HTL/ 
PTB7 interface enhanced hole extraction and reduced recombination. This study underscores the potential of 
mixed organic-metal HTL structures in OSCs to modulate energy band structures, providing insights into the 
selection of metal-organic combinations for optimizing OSC efficiency and performance.

1. Introduction

Organic solar cells (OSCs) are one of the most promising next-gen
eration photovoltaic technologies capable of generating electricity from 
solar energy. OSCs have high industrial value due to their light weight, 
low energy fabrication process, and excellent potential for large-area 
printing, making continued research into economical approaches to 
achieving high power conversion efficiency (PCE) a significant area of 
interest [1–4]. The enhancement of PCE can be achieved through var
ious methods. Single bulk heterojunction (BHJ) polymer solar cells 
have reached up to 18% efficiency with the development of new donor 
and acceptor materials [5,6]. Continuous efforts are being made to 
develop new donors and acceptors, with non-fullerene acceptors sig
nificantly contributing to groundbreaking efficiency improvements 
[7–9]. In addition to the active layer, the interface between the active 
layer and the electrodes plays a crucial role in the charge transport 
mechanisms of holes and electrons. The hole transport layer (HTL) and 

the electron transport layer (ETL) prioritize the transport and extraction 
capabilities of each carrier from the active layer [10–13]. Moreover, 
these layers help capture carriers moving in the opposite direction, 
reducing leakage current and ensuring proper current flow. Several 
types of materials demonstrating these properties have been explored 
for use as HTLs in BHJ solar cells, including conductive polymers 
[14,15], metal oxides [16–20], conjugated polyelectrolytes (CPEs) 
[21–23], cross-linkable materials [24,25], and graphene-based mate
rials [26].

A well-defined interlayer is essential for achieving high efficiency 
and stability in solar cells. Among organic materials, poly (3,4-ethyle
nedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS) is the domi
nant material for efficient hole extraction [27–29]. PEDOT:PSS with its 
high work function (around 5.1 eV) and excellent conductivity, is often 
used to achieve high PCE. PEDOT:PSS has undergone various techno
logical advancements, including novel chemical modifications, metal- 
ion doping techniques, and scalability for large-area printing, making it 
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an essential component in the technological development of next-gen
eration optoelectronic devices [30–32]. However, PEDOT:PSS has a 
high acidic content, which can negatively impact the long-term op
erational stability of OSCs [11,33]. Studies have shown that the strong 
acidity of PEDOT:PSS can degrade the underlying electrode, allowing 
dissociated metal elements to infiltrate the active layer, severely af
fecting the efficiency of OSCs. In previous studies, we fabricated me
tal:PSS and analyzed the electronic structure to understand the me
chanism of the interfacial layer, and reported the performance of 
perovskite solar cells [34,35]. Among these, we selected 2 divalent 
cations with distinct electronic structure characteristics for further ex
periments.

In our present work, we replaced the PEDOT:PSS component with 
ions of different sizes, specifically Mg and Pd, to create Mg:PSS and 
Pd:PSS, which were then incorporated into PTB7:PC71BM solar cells. 
The choice of Mg and Pd ions was based on their differing ionic sizes 
and potential to modify the interfacial properties and energy levels of 
the HTL. Mg ions, with their smaller ionic radius, are expected to im
prove film formation and stability, while Pd ions, with their larger ionic 
radius, can enhance conductivity and work function alignment with the 
active layer. To retain the benefits of PEDOT:PSS, such as high work 
function and excellent conductivity, a small amount of PEDOT:PSS was 
mixed with Mg and Pd to produce a stable and efficient HTL. The in
terlayer characteristics of Mg and Pd and the energy level alignment 
between the interlayer and donor were investigated using ultraviolet 
photoelectron spectroscopy (UPS) and X-ray photoelectron spectro
scopy (XPS), allowing us to construct an energy level diagram. This 
study compares OSCs with metal-doped HTLs as a potential replace
ment for PEDOT:PSS.

2. Materials and method

2.1. Materials

The preparation method of Mg:PSS is as follows: 5 mL of a MgCl2 

(1.45 mg/8 mL methanol) solution was added to 3 mL of a commercial 
H:PSS solution to form a clear solution. This solution was diluted with 
15 mL of isopropyl alcohol (IPA), resulting in the precipitation of the 
polymer. The precipitated polymer was centrifuged and re-dissolved in 

1.5 mL of an aqueous MgCl2 solution, then diluted with 20 mL of me
thanol to precipitate the polymer again. The same process was repeated 
with the remaining MgCl2 solution. The repeated interactions with the 
MgCl2 solution facilitated the removal of HCl and the incorporation of 
Mg ions, promoting the formation of Mg:PSS. After the third pre
cipitation, the polymer was re-dissolved in 5 mL of H2O, re-precipitated 
twice in IPA, and washed with IPA and hexane. Finally, the polymer 
was dried in a glove box (under N2 atmosphere) to obtain Mg:PSS.

The Pd:PSS preparation process is as follows: 0.219 g of palladium 
acetate was dissolved in 24 mL of methanol and added to 1 mL of the 
H:PSS solution. The mixture was sonicated for 20 seconds, precipitated 
in IPA, and centrifuged. The dark brown precipitate was separated, 
dissolved in distilled water, and re-precipitated in IPA. The precipitate 
was washed several times with IPA and dried in a glove box to obtain 
Pd:PSS.

2.2. Device fabrication

The structure of the organic solar cells, Glass/ITO/HTL/ 
PTB7:PC71BM/PFN-Br/Al, was fabricated on glass substrates coated 
with indium tin oxide (ITO). The substrates were first cleaned using a 
detergent solution, followed by sequential sonication in deionized 
water, acetone, and isopropyl alcohol for 20 min each. The HTLs used 
were Mg:PSS, Pd:PSS, and 2 other types: Mg:PSS and Pd:PSS doped with 
5% (50 μL) PEDOT:PSS. Each of the 4 types of HTL was filtered using a 
0.45 μm cellulose acetate syringe filter and spin-coated onto the sub
strates, followed by annealing at 100 °C for 10 min. After the films 
cooled to room temperature, the substrates were transferred into a ni
trogen-filled glove box where the polymer blend of PTB7:PC71BM (1:1.5 
in CB 3%v/v DIO) was spin-coated onto the HTL-coated substrates at 
1300 rpm for 60 seconds, followed by annealing at 80 °C for 10 min to 
form the active layer. For the ETL, PFN-Br was dissolved in methanol 
and spin-coated onto the active layer at 2000 rpm for 60 seconds. 
Finally, aluminum (100 nm) was deposited via thermal evaporation 
through a shadow mask under a pressure of approximately 3 × 106 

bar to complete the device, resulting in an active area of 0.124 cm2.

Fig. 1. (a) Materials structures of Mg:PSS and Pd:PSS, (b) Ion states of Mg:PSS and Pd:PSS analyzed via XPS. PSS = poly (styrene sulfonate); XPS = X-ray 
photoelectron spectroscopy.
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2.3. Device characterization

The current-voltage (J-V) characteristics of the solar cell devices 
were measured using a Keithley 2635 source-measure unit under A.M 
1.5 G illumination with an intensity of 100 mW/cm2. The intensity of 
the simulated sunlight from a Xe arc lamp was calibrated immediately 
before testing using a certified reference silicon photodiode. The ex
ternal quantum efficiency (EQE) measurements were performed using a 
QEX7 system from PV Measurements, Inc. The UPS and XPS spectra 
were obtained using a Thermo Fisher Scientific ESCALAB 250XI.

3. Results and discussion

Fig. 1 shows the structures and ion states of Mg:PSS and Pd:PSS. To 
develop an effective p-type polymer electrolysis material, we fabricated 
metal:PSS and electronic structures, and perovskite solar cells through 
preliminary research [34,35]. Metal:PSS compensates for the high 
concentration of p-type carriers in the semiconductor by allowing metal 
ions to easily accept electrons from the active layer semiconductor. We 
selected Mg and Pd, both bound with the same divalent cation, for 
comparative analysis (Fig. 1a). Fig. 1(b) and (c) show that the ion states 
of bonded Mg and Pd were properly formed. In the case of Pd:PSS, Pd0 

was observed at 336 eV, indicating that even with the same divalent 
cation, it exhibits different bonding characteristics compare to PSS, an 
organic material.

To demonstrate the application of Pd:PSS and Mg:PSS as HTL, de
vice optimization was performed with the PTB7:PC71BM solar cell 
structure. The current density-voltage characteristic curves of the 
Mg:PSS and Pd:PSS BHJ solar cells under AM 1.5 G illumination are 
shown in Fig. 2(a). A comparison of photovoltaic parameters to char
acteristic curves is summarized in Table 1. A J-V characteristic curve of 

a control OSCs using regular PEDOT:PSS is included in the Supporting 
Information (Fig. S1). The thicknesses were fine-tuned for device op
timization. The efficiency of both devices was optimized at 0.3 mg/ 
1 mL, and the amount of PEDOT:PSS was adjusted to improve overall 
performance by mixing PEDOT:PSS in an amount of 5%. The efficiency 
of the optimized single devices was 6.232% (Mg) and 5.836% (Pd), 
respectively, showing improvement over 5.749% (without HTL), but fill 
factor (FF) and open-circuit voltage (VOC) recorded low values. Al
though both are divalent cations, it was expected that they would show 
different properties and efficiencies due to the different sizes of the ions 
themselves. However, Mg:PSS and Pd:PSS were almost similar. 
Blending with PEDOT:PSS increased the efficiency-determining para
meters VOC and FF, resulting in PCEs of 8.356% (Mg:PEDOT:PSS) and 
8.303% (Pd:PEDOT:PSS). A total of 6 optimized OSC devices, including 
the one without an HTL, were periodically measured in air to evaluate 
their stability, as shown in Fig. S2. All devices with metal ions exhibited 
improved average stability compared to the single-layer PEDOT:PSS 
device. Notably, after 168 h, the stability of Mg:PEDOT:PSS decreased 
to 47.6%, while PEDOT:PSS dropped to 16.5% (based on 100% at the 
initial measurement at 0 h). Furthermore, after 194 h, the efficiency of 
all devices with metal ions remained above 30%, demonstrating an 
overall improvement in stability.

The EQE of devices using 4 different HTLs (Pd:PSS, Mg:PSS, 
Pd:PEDOT:PSS, Mg:PEDOT:PSS) was observed across the entire ab
sorption spectrum (400–1000 nm) (Fig. 2b). The integrated current 
densities for the 4 HTLs (Pd:PSS, Mg:PSS, Pd:PEDOT:PSS, Mg:PE
DOT:PSS) are 17.708, 16.975, 18.214, and 16.964 mA/cm², respec
tively. Compared to the device without an HTL, devices using the 4 
HTLs showed enhanced photocurrent generation across all regions, 
which can be attributed to the optical interference effect. The use of 
these 4 HTLs increases the charge carrier generation rate, leading to a 

Fig. 2. (a) J-V characteristics, (b) External quantum efficiency spectra, (c) Dark J-V characteristics, and (d) Light dependence of organic solar cell with Mg:PSS, 
Pd:PSS and PEDOT:PSS-blended Mg:PSS, Pd:PSS. PEDOT:PSS = poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate).
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higher device short-circuit current density (JSC), and this phenomenon 
is maintained even when PEDOT:PSS is blended.

To understand the impact of the types of metals, Pd and Mg, on OSC 
characteristics, we characterized the series resistance and shunt re
sistance from dark J-V characteristic (Fig. 2c). Analyzing shunt and 
series resistance helps to understand the effect of HTLs on OSCs. De
tailed parameters are shown in Table 2. High shunt resistance and low 
series resistance provide better device performance under illumination 
by reducing JSC and FF losses. The shunt resistances for single Mg:PSS 
and Pd:PSS are 816.810 Ω·cm² and 505.960 Ω·cm², respectively, which 
are significantly higher than the shunt resistance of the device without 
HTL (83.718 Ω·cm²). This indicates that the absence of an HTL results 
in photocarrier loss. While the series resistance remained similar even 
when blending with PEDOT:PSS, the shunt resistance increased by 3.16 
(Mg:PSS), 4.04 (Pd:PSS) times compared to the devices without PED
OT:PSS. High shunt resistance and low series resistance in the device 
enhance performance by reducing current leakage and photocarrier 
loss.

By measuring the light intensity dependence of VOC, we can de
termine the type of recombination on which they depend. Fig. 2(d) 
depicts VOC as a function of illumination intensity and fits the following 
equation: [36,37]

= +V KT
q

In J
J

1OC
SC

0

where k is the Boltzmann constant, q is the electronic charge, T is the 
temperature in Kelvin, and J0 is the saturation current density (dark). 
The anomaly coefficient (n), which describes the slope of the data re
lative to kT/q, provides information about which type of recombination 
dominates the losses in the device [38–41]. When the slope of the 
ideality factor is close to 1, bimolecular recombination is dominant, 
whereas a slope close to 2 indicates monomolecular recombination. 
Monomolecular recombination involves a high number of recombina
tions due to trap states, leading to many traps. Bimolecular re
combination relies on band-to-band recombination by free carriers, 
resulting in fewer traps. However, if the slope of the ideality factor is 
less than 1, it is not dependent on light intensity, and trap states are 
passivated. The ideality factor without an HTL is 1.58 kT/q, indicating 
a relatively high presence of traps, which adversely affects FF and VOC. 

In contrast, Mg:PSS and Pd:PSS show values of 1.01 kT/q and 0.54 kT/ 
q, respectively, which are close to or less than 1. This suggests that 
there are few traps, potentially benefiting the device. However, the low 
VOC and an ideality factor less than 1 kT/q indicate that the results are 
not dependent on light intensity, making the ideality factor values 
unreliable [40]. Nevertheless, the ideality factors of Mg:PSS and Pd:PSS 
blended with PEDOT are 1.36 kT/q and 1.39 kT/q, respectively, closer 
to 1, indicating bimolecular recombination with fewer traps, resulting 
in higher VOC and FF.

To understand the impact of Mg:PSS and Pd:PSS on the hole trans
port mechanism of solar cells, we measured the hole injection barrier 
(HIB) using UPS. Fig. 3 show the UPS spectra measured by stacking the 
active layer (PTB7), at various thicknesses on the hole transport layers 
(HTLs) of Mg:PSS, Pd:PSS, and PEDOT:PSS blends. Detailed XPS and 
UPS spectra, along with data on the thickness of the PTB7 film, are 
provided in the Supporting Information (Figs. S3–S5). Changes in the 
hole injection barrier at the HTL/PTB7 interface provide strong evi
dence for the extent of p-type doping and the direction of band bending 
in the active layer. We found that the changes in HIB at the Mg:PSS/ 
PTB7 and Pd:PSS/PTB7 interfaces were very small, at 0.03 eV and 
0.05 eV, respectively. This indicates minimal band bending and a low 
degree of p-type doping at the interface with the active layer. As a re
sult, electrons are not completely blocked and can still diffuse back 
toward the HTL. This increases the likelihood of carrier recombination, 
which can negatively impact device parameters and aligns with the low 
efficiency observed in devices using single Mg:PSS and Pd:PSS. Changes 
in the HIB of PTB7 with varying thicknesses on blended Mg:PSS and 
Pd:PSS were also observed. As the thickness of the PTB7 film on the 
blended Mg:PSS and Pd:PSS substrates increased, the highest occupied 
molecular orbital (HOMO) level relative to the Fermi level increased by 
0.27 eV and 0.18 eV, respectively. This indicates significant band 
bending and a substantial degree of p-type doping when PEDOT:PSS is 
blended. As a result, the hole extraction barrier is reduced, creating an 
ohmic contact with the active layer and suppressing recombination. 
This allows efficient hole extraction at the interface of Mg:PEDOT:PSS, 
Pd:PEDOT:PSS, and PTB7, suppressing electron back-diffusion and in
creasing the overall efficiency of the device.

Detailed data on the HIB with varying thicknesses of PTB7 are 
clearly shown in Fig. 4. Specific data for the HOMO and lowest occu
pied molecular orbital (LUMO) levels relative to the Fermi level are 
presented in Fig. 4(a). The bandgap of PTB7 used for barrier calculation 
was determined to be 2.25 eV based on combined measurements from 
inverse photoemission spectroscopy (IPES) and UPS [42]. Mg:PSS has a 
similar HIB, ranging from 0.718 eV at thin thicknesses to 0.73 eV at 
thicker thicknesses. Pd:PSS shows a slightly better p-doping ability in 
the active layer with HIB ranging from 0.616 eV (thin) to 0.728 eV 
(thick) compared to Mg:PSS, but the differences in device parameters 
are minimal due to the similar HIB values. Both Mg:PSS and Pd:PSS 
exhibit very weak band bending, resulting in a straight line with no 
curvature (Fig. 4b). This indicates that the flat band seen in Mg:PSS and 
Pd:PSS adversely affects device parameters due to carrier recombina
tion. Strong band bending at the HTL/active layer interface occurs 

Table 1 
Photovoltaic parameters of the OSC with Mg:PSS, Pd:PSS, Mg:PEDOT:PSS, Pd:PEDOT:PSS 

HTLs JSC (mA·cm−2) JSC-EQE (mA·cm−2) VOC (V) FF (%) PCE (%)

Best Average

w/o 16.146 ± 0.282 13.669 0.565 ± 0.057 50.288 ± 0.061 5.749 4.639 ± 1.003
Mg:PSS 17.529 ± 0.571 17.708 0.667 ± 0.038 48.707 ± 0.024 6.232 5.691 ± 0.449
Mg:PEDOT:PSS 18.167 ± 0.223 18.214 0.736 ± 0.009 62.157 ± 0.018 8.356 8.311 ± 0.167
Pd:PSS 17.227 ± 0.763 16.975 0.593 ± 0.020 51.549 ± 0.029 5.836 5.260 ± 0.345
Pd:PEDOT:PSS 18.071 ± 0.043 16.964 0.733 ± 0.009 60.725 ± 0.026 8.303 8.042 ± 0.263

EQE = external quantum efficiency; FF = fill factor; HTLs = hole transport layers; OSC = organic solar cell; PCE = power conversion efficiency; PEDOT:PSS = poly 
(3,4-ethylenedioxythiophene): poly (styrene sulfonate); VOC = open-circuit voltage; JSC = short-circuit current density.

Table 2 
Dark J-V characteristic and Light dependence of the OSC 

HTLs RSh (Ohm·m2) RS (Ohm·cm2) Ideality factor 
(kT/q)

w/o 83.718 34.964 1.58
Mg:PSS 816.810 19.043 1.01
Mg:PEDOT:PSS 2585.600 19.051 1.36
Pd:PSS 505.960 21.286 0.54
Pd:PEDOT:PSS 2043.000 21.152 1.39

HTLs = hole transport layers; OSC = organic solar cell; PEDOT:PSS = poly 
(3,4-ethylenedioxythiophene): poly (styrene sulfonate); RSh = shunt resistance; 
RS = series resistance.
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when PEDOT:PSS is mixed with the HTL. The HIB of the PTB7 layer on 
the Mg:PEDOT:PSS substrate increases from 0.471 eV to 0.641 eV as the 
thickness increases. A similar trend is observed for the PTB7 layer on 
the Pd:PEDOT:PSS substrate, with the HIB increasing from 0.40 to 
0.613 eV. This demonstrates stronger band bending and p-doping with 
the addition of PEDOT:PSS, thereby enhancing hole extraction toward 
the substrate. The band structure and strong hole extraction ability are 
much more favorable for hole extraction (Fig. 4c). Consequently, when 
PEDOT:PSS blended Mg:PSS and Pd:PSS are positioned between the 
HTL and PTB7, they block electrons and reduce interfacial re
combination.

4. Summary

In conclusion, we investigated the application of novel HTLs in
tegrating Mg and Pd metals with the organic polymer PSS in OSCs. 

When used alone, these HTLs exhibited various drawbacks; however, by 
blending with the benchmark material PEDOT:PSS, these shortcomings 
could be mitigated, leading to improved efficiency. UPS and XPS 
measurements provided a detailed understanding of the interfacial 
energy level alignment, electronic band structure, and band bending at 
the HTL/PTB7 interface. These HTLs, when used independently, dis
played limitations with efficiencies of 6.232% and 5.836% for Mg:PSS 
and Pd:PSS, respectively. The low VOC and FF were attributed to Auger 
recombination under light intensity, and UPS and XPS also indicated 
that the hole extraction capability of PTB7 was hindered, leading to 
recombination at the barrier. However, blending these HTLs with 
PEDOT:PSS mitigated these issues and significantly improved device 
performance, achieving efficiencies of 8.356% and 8.303% for 
Mg:PEDOT:PSS and Pd:PEDOT:PSS, respectively. This improvement 
resulted from enhanced hole extraction capability through the forma
tion of an ohmic contact at the HTL/PTB7 interface and reduced current 

Fig. 3. UPS HOMO region of PTB7 with varying thicknesses on substrates of Mg:PSS, Pd:PSS, and PEDOT:PSS blends. PEDOT:PSS = poly (3,4-ethylenediox
ythiophene): poly (styrene sulfonate); UPS = ultraviolet photoelectron spectroscopy.

Fig. 4. (a) Energy level diagram and p-doping effect with varying thicknesses of PTB7, (b) Schematic of the electronic structure of Mg:PSS and Pd:PSS, (c) Schematic 
of the electronic structure with PEDOT:PSS blending. PEDOT:PSS = poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate).
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leakage due to higher shunt resistance and lower series resistance, as 
observed in dark current measurements. This study demonstrates that 
the mixed structures of organic materials and metals in the interfacial 
layers of organic solar cells can influence the energy band structure 
depending on the metal used. This insight aids in designing better HTLs 
by selecting various metals or organic materials for improved perfor
mance.
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