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Can self-assembled monolayer (SAM)-based hole transport layers
(HTLs) overcome the interfacial instability issues associated with
PEDOT:PSS and offer a more robust platform for charge extraction,
both mechanically and electrically? This work provides a rationale for
the improved thermal and interfacial stability of the SAM HTL in
organic solar cells.

Organic solar cells (OSCs), particularly those based on bulk
heterojunctions of donor polymers and non-fullerene accep-
tors, have achieved power conversion efficiencies (PCEs)
exceeding 19%."* These advances are driven not only by
material innovation and device optimization but also by prog-
ress in interface engineering.*®

In conventional OSCs (p-i-n configuration), the hole-
transport layer (HTL) positioned between the active layer and
the indium tin oxide (ITO) electrode is essential for ensuring
efficient charge extraction.®™” An optimal HTL establishes an
ohmic contact with the electrode, and selectively facilitates hole
transport while blocking electrons.'>" Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
remains the most widely used HTL due to its commercial
availability, suitable energy level alignment, and electron-
blocking properties.***® Recently, self-assembled monolayers
(SAMs) have emerged as promising alternatives, offering favor-
able energy levels, high transparency, and minimal material
consumption.?**

Despite the distinct physical and chemical properties of
PEDOT:PSS and SAMs, direct comparisons of the interfaces they
form with active layers—particularly regarding interfacial
stability—are limited. In this study, we present a representative
comparison between the active layer and two different HTLs:
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PEDOT:PSS and a SAM. We further investigate the impact of
thermal annealing on these interfacial properties to provide
exemplary insight into their thermal stability.

MeO-functionalized  [2-(9H-carbazol-9-yl)ethyl]phosphonic
acid (MeO-2PACz) was employed as the SAM-based HTL due
to its surface energy and energy levels being comparable to
those of PEDOT:PSS. PM6 and Y6 were selected as the donor
and acceptor materials, respectively, for the active layer. The
chemical structures are presented in Fig. S1.}

To evaluate the robustness of each HTL/active layer interface
before and after thermal annealing, we performed a peeling
test. PM6:Y6 blend films were coated onto either MeO-2PACz or
PEDOT:PSS, followed by the application of 3 M adhesive tape.
The tape was then detached using a universal testing
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Fig. 1 (a) Schematic representation of the peeling test procedure. (b)
Photographs of the PEDOT:PSS/PM6:Y6 and MeO-2PACz/PM6:Y6
films after the peeling test.
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machine.”* The detailed methodology is illustrated in Fig. 1a,
and the entire procedure is demonstrated in the ESI Videos
(Videos S1-S4).1 Thermal annealing was performed at 65 °C,
well below the reported glass transition temperatures (T,) of
PM6 (~115 °C) and Y6 (~102 °C),*>** in order to minimize
morphological changes in the active layer that might influence
the HTL/active layer interface. Indeed, grazing-incidence wide-
angle X-ray scattering (GIWAXS) analysis confirmed that no
morphological changes occurred during 12 hours of annealing
at this temperature (Fig. S2 and S37).

Fig. 1b presents images of the samples after the peeling test.
In PEDOT:PSS/PM6:Y6 samples, the PM6:Y6 layer was
completely peeled off in both as-cast and annealed films. MeO-
2PACz/PM6:Y6 as-cast films showed significant detachment,
with only a few areas remaining intact. In contrast, in the
annealed MeO-2PACz/PM6:Y6 film, the PM6:Y6 layer remained
fully adhered, showing no visible detachment.

The results of the peeling test were further validated by UV-
vis absorption spectroscopy. For PEDOT:PSS/PM6:Y6 samples,
the absorption spectra of both as-cast and annealed films
significantly decreased after peeling, indicating removal of the
PMB6:Y6 layer (Fig. S4at). A similar trend was observed for the as-
cast MeO-2PACz/PM6:Y6 sample (Fig. S4bt). In contrast, the
annealed MeO-2PACz/PM6:Y6 sample showed negligible
change in its absorption spectrum after peeling, confirming
that the active layer remained intact.

To determine whether the peeling process removed only the
active layer or both the active layer and HTL, we performed
Raman imaging and energy-dispersive X-ray spectroscopy
(EDS). Line-scan Raman imaging of PEDOT:PSS/PM6:Y6
samples before and after peeling indicated that mainly the
active layer was removed (Fig. S57). In the case of MeO-2PACz,
no distinct Raman signals were detected, so EDS elemental
mapping was employed. The comparison of EDS maps before
and after peeling confirmed that only the active layer was
removed in the as-cast MeO-2PACz/PM6:Y6 sample as well (Fig.
S61). These results indicate that thermal annealing improves
the interfacial adhesion between MeO-2PACz and the active
layer, whereas PEDOT:PSS fails to form a robust interface even
after annealing.

Further insight into the difference in adhesion is obtained by
measuring the contact angle to estimate the interfacial energy
(y) and Flory-Huggins interaction parameter (x).**** The
measured contact angles are summarized in Table S1, while
interfacial energy and x values are presented in Table 1.

Table 1 Interfacial energy (y) and Flory—Huggins parameter () of the
PEDOT:PSS/PM6:Y6 and MeO-2PACz/PM6:Y6 interface before and
after thermal annealing

Sample Condition X v [mN m™]

PEDOT:PSS/PM6:Y6 As cast 48.7 29.0
Annealed 21.0 38.5

MeO-2PACz/PM6:Y6 As cast 5.3 55.3
Annealed 6.8 13.3
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Upon thermal annealing, the two systems exhibited con-
trasting trends: PEDOT:PSS/PM6:Y6 showed an increase in vy
(29.0 — 38.5 mN m ') and a decrease in x (48.7 — 21.0),
whereas MeO-2PACz/PM6:Y6 exhibited a marked decrease in vy
(55.3 — 13.3 mN m ') and a slight increase in x (5.3 — 6.8).
While these values provide useful approximations, it should be
noted that contact angle-based estimations primarily reflect
surface properties and may not fully capture the morphological
and chemical changes occurring at buried interfaces upon
annealing. Nevertheless, given that a lower interfacial energy
generally reflects stronger thermodynamic favorability and
adhesion at the interface, these findings are consistent with the
peeling test results and suggest that MeO-2PACz forms a more
favorable and stable interface with the active layer after thermal
annealing, whereas the PEDOT:PSS interface becomes relatively
less compatible.

Subsequently, depth-profile X-ray photoelectron spectros-
copy (XPS) was performed to gain deeper insight into the
molecular-level changes at the HTL/active layer interface
induced by thermal annealing. The full set of spectra is pre-
sented in Fig. S7,7 while a summary graph showing the peak
positions at each depth is provided in Fig. 2a-d. The elements
representing each layer were selected based on their chemical
structures: F 1s was used to track the PM6:Y6 layer, S 2p (from
the sulfonic acid group) for PEDOT:PSS, and P 2p for MeO-
2PACz. Additionally, C 1s and In 3d signals were analyzed to
track the ITO substrate and assess possible indium diffusion
into the active layer.****

In the as-cast PEDOT:PSS/PM6:Y6 sample, a mixed region of
approximately 20 nm was observed between the active layer and
the HTL, indicating interfacial interpenetration (Fig. 2a). After
thermal annealing, this mixed region was significantly reduced
to ~5 nm (Fig. 2b), suggesting phase separation between
PEDOT:PSS and PM6:Y6.

In contrast, depth-profile XPS analysis of the MeO-2PACz/
PM6:Y6 sample revealed distinctly different interfacial charac-
teristics. Prior to thermal annealing, no measurable overlap was
detected between the active layer and the HTL (Fig. 2c), indi-
cating the formation of a well-defined interface. Upon thermal
annealing, however, slight interfacial overlap was observed
(Fig. 2d), implying the formation of closer physical contact
between MeO-2PACz and PM6:Y6.

These observations are schematically illustrated in Fig. 2e to
highlight the differences in molecular behavior at the interface
induced by thermal annealing. Since the active layer was
deposited via a solution process onto the HTL, the resulting
interface is initially kinetically trapped. In the case of
PEDOT:PSS, partial mixing occurs at the interface in the as-cast
state, but limited miscibility results in phase separation upon
annealing. Conversely, in the MeO-2PACz system, thermal
annealing promotes closer physical contact with the active
layer, leading to enhanced adhesion.

Given that these differences in interfacial morphology may
affect charge transfer at the HTL/active layer interface, charge
carrier mobility was evaluated using space-charge limited
current (SCLC) measurements. To eliminate contributions from
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Fig. 2 Summary of the peak presence and chart based on depth-profile XPS data of the (a) as-cast ITO/PEDOT:PSS/PM6:Y6 film and (b)
annealed ITO/PEDOT:PSS/PM6:Y6 film at 65 °C for 12 hours, and (c) as-cast ITO/MeO-2PACz/PM6:Y6 film and (d) annealed ITO/Meo-2PACz/
PM6:Y6 film at 65 °C for 12 hours. (e) Schematic illustration of proposed molecular arrangements at the PEDOT:PSS/PM6:Y6 and MeO-2PACz/

PM6:Y6 interfaces after thermal annealing.

the donor/acceptor interface in the bulk heterojunction,
a simplified device structure (ITO/HTL/PM6/Ag) was employed.

As the excessive thickness of the PM6 layer can promote
exciton recombination prior to charge extraction, the film
deposition conditions were optimized by adjusting the
concentration of the PM6 solution. Time-resolved photo-
luminescence (TRPL) measurements confirmed that a concen-
tration of 0.5 mg ml " yielded an optimal film thickness for
reliable SCLC characterization (Fig. S81). Using this optimized
condition, negligible changes in hole mobility were observed in
the ITO/PM6/Ag control device after thermal annealing at 65 °C
for 12 hours (from 4.16 x 10~ * t0 4.39 x 10 * ecm” V' s ") (Fig.
S9at)

Subsequently, SCLC measurements were conducted on
devices incorporating HTLs. A significant reduction in hole
mobility was observed in PEDOT:PSS-based devices after
thermal annealing (from 9.55 x 10~* to 3.51 x 10~ * em® V'
s~ 1) (Fig. S9b7), whereas MeO-2PACz-based devices maintained

mobility under the same thermal conditions (6.91 x 10~ to
7.05 x 10~* em® V' s7") (Fig. S9ct).

To further investigate interfacial charge recombination,
electrochemical impedance spectroscopy (EIS) was performed
under illumination. Measurements were carried out under
open-circuit voltage conditions across the frequency range of 7
MH?z to 10 Hz, and the results were plotted as Nyquist diagrams
(Fig. 3a).>** The extracted resistance values are summarized in
Table 2. The series resistance (R,), which accounts for the
resistance of the ITO/HTL interface, wire resistance, and elec-
trode sheet resistance, was comparable for both systems
regardless of before and after thermal annealing. However,
clear differences were observed in the interfacial resistance (R,),
which reflects charge transfer resistance at the PM6:Y6 and
HTL/PM6:Y6 interfaces.

After thermal annealing, the R, value for PEDOT:PSS-based
devices increased substantially from 19.6 Q to 111 Q, whereas
the increase for the MeO-2PACz-based device was relatively low
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(a) Nyquist plots of the ITO/HTL/PM6:Y6/Ag devices measured under one sun illumination and open-circuit voltage conditions. (b) TPC

responses of ITO/HTL/PM6:Y6/Ag devices. (c) Thermal stability of 10 different devices incorporating MeO-2PACz or PEDOT:PSS as the HTL,

monitored over 12 hours at 65 °C under a nitrogen atmosphere.
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Table 2 Fitting parameters of the impedance spectra with an equiv-
alent circuit model

HTL® Condition R, (Q) R, (Q)

PEDOT:PSS As-cast 40.0 19.6
Annealed 44.0 111

MeO-2PACz As-cast 36.3 5.83
Annealed 36.0 34.1

“ Device structures of ITO/HTL/PM6:Y6/Ag.

(from 5.83 Q to 34.1 Q). Given that the PM6:Y6 blend
morphology remained largely unchanged under these thermal
conditions, the observed increase in R, is attributed primarily to
degradation at the HTL/active layer interface.

Next, transient photocurrent (TPC) measurements were also
carried out to assess charge-carrier extraction dynamics
(Fig. 3b). Devices were fabricated with the structure ITO/HTL/
PM6:Y6/Ag to exclude the influence of electron transport
layers and isolate the contribution of the HTL to extraction
behavior. Under pulsed illumination, photogenerated carriers
were generated and collected at the HTL. The extraction time
(text), Which reflects recombination at interfacial defect sites,
was analyzed. For PEDOT:PSS-based devices, Tey increased from
0.35 ps to 0.41 ps after thermal annealing, indicating that
charge extraction is hindered after thermal annealing.
Conversely, the MeO-2PACz-based devices almost maintained
the Tey (0.52 to 0.53 us), confirming robust charge extraction
properties (see Note S1t for discussion on the non-ideal decay
behavior and interpretation of 7. values).***

These results collectively indicate that MeO-2PACz forms
a mechanically and electrically stable interface with the PM6:Y6
active layer under 65 °C annealing conditions. In contrast, the
PEDOT:PSS interface undergoes phase separation and degra-
dation, leading to deteriorated charge transfer.

Finally, the thermal stability of complete OSCs was evaluated
by monitoring PCE under a nitrogen atmosphere at 65 °C for 12
hours. The initial device efficiencies are summarized in Table
S3.1 After 12 hours at 65 °C, the PEDOT:PSS-based device
retained only 18% of its initial PCE, while the MeO-2PACz-based
device preserved 77%. The raw data corresponding to these
results are summarized in Table S4,1 and the J-V degradation
behavior of the device exhibiting the highest PCE retention is
presented in Fig. $10.7 It is worth noting that no additional
device optimization was performed. This result clearly demon-
strates that the use of MeO-2PACz as the HTL results in
significantly improved thermal stability.

Conclusions

Interfacial stability plays a critical role in the thermal durability
of organic solar cells (OSCs). In this study, we systematically
investigated the mechanical and electrical robustness of the
interfaces formed between PM6:Y6 and two representative hole-
transport layers (HTLs): PEDOT:PSS and MeO-2PACz. Thermal
annealing was found to induce phase separation at the
PEDOT:PSS interface, resulting in increased charge transfer

This journal is © The Royal Society of Chemistry 2025
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resistance. In contrast, MeO-2PACz maintained a well-defined
and stable interface even after thermal treatment.

A combination of mechanical (peeling test), spectroscopic
(XPS, Raman, and EDS), and electrical (SCLC, EIS, and TPC)
characterization studies revealed that MeO-2PACz forms
a thermally resilient interface with the active layer. Notably,
MeO-2PACz-based OSCs retained 77% of their initial power
conversion efficiency after 12 hours at 65 °C, whereas
PEDOT:PSS-based devices degraded rapidly, retaining only
18%.

These results highlight the importance of interfacial design
in achieving stable OSC performance and demonstrate that
SAM-based HTLs such as MeO-2PACz offer a promising pathway
toward thermally robust and efficient organic photovoltaics.
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