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Recent great achievements of p-i-n perovskite solar cells (PSCs) have been mainly fueled by the development and
advancement of carbazole-based self-assembled monolayers (SAMs) used as the hole-transport layers (HTLs).
Driven by the success of polar, hydroscopic polyethylene glycol (PEG) application in the perovskite and buffer
layers, herein we have assessed how the incorporation of PEG as ADDITIVE and BILAYER influences the SAM
HTL in PSCs. When PEG is used as ADDITIVE, the photovoltaic performance of PSCs is reduced. While, PSCs
processed by BILAYER exhibit high power conversion efficiencies (PCEs) of 24.75 % (lab-scale area: 0.039 cm?)
and 20.47 % (large area: 1 cm?), attributed to the beneficial features such as better film/morphology formation
and minimizing interfacial recombination losses/defect densities. Furthermore, we also demonstrate outstanding
73 % (after 1000 h, 25 °C, in ambient air) and 74 % (after 500 h, 85 °C, in inert) PCE retentions for the
unencapsulated devices, accounting for stronger interaction between the PEG and perovskite layers. Our study
paves a facile way of the polymeric materials’ role played in the SAMs for improving the PCE and stability of
PSCs through their surface modification.

1. Introduction

Recent advancements in perovskite solar cells (PSCs) have resulted
in power conversion efficiencies (PCEs) exceeding 26 %, making them
one of the most promising technologies for next-generation photovoltaic
devices [1-4]. However, further enhancement of PSCs requires precise
control over the interfaces between the perovskite active and
charge-transport layers (CTLs: hole-transport layer (HTL) and
electron-transport layer (ETL)). Despite the growing use of inorganic
materials in these layers, their application is limited, which has led re-
searchers to explore synthetic organic chemistry for tailoring material
properties [5]. Among these, self-assembled monolayers (SAMs) based
on organic materials have emerged as an attractive solution, offering
advantages such as minimal material consumption, scalability,
enhanced interfacial stability, and compatibility with environmentally
friendly solvents [6,7]. In particular, carbazole-based SAMs (e.g., [4-(3,
6-dimethyl-9H-carbazol-9-yl) butyllphosphonic acid (Me-4PACz) and
[4-(3,6-dimethoxy-9H-carbazol-9-yl) butyl] phosphonic acid
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(MeO-4PACz)) have been widely adopted as the HTLs in inverted PSCs,
boosting the PCEs that rival or even surpass the n-i-p PSCs [8-12]. The
SAM HTLs offer several advantages over traditional HTLs (e.g., 2,2,7,
7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene  (spi-
ro-OMeTAD) and polymer poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA): (i) the simple preparation process enables
low-temperature treatments and full-solution fabrication, using signifi-
cantly less material [13,14]; (ii) the ultrathin-film minimizes optical
loss, enhancing the overall device performance [15]; (iii) the
high-density ordered SAM structures facilitate efficient hole extraction
by generating interfacial dipole moments [16,17]. Therefore, the deli-
cate control of the SAM HTLs in terms of energy-level regulation,
interface modification, defect passivation, and charge transportation is a
crucial prerequisite toward achieving high PCEs of PSCs [17-22].
Polyethylene glycol (PEG) as a polar, hygroscopic polymer shows
excellent thermodynamic property (softening at > 60 °C), chemical
stability, and low cost [23]. It has been directly incorporated into
perovskite precursor solutions to enhance the stability of PSCs [24]. The

** Corresponding author. School of Energy and Chemical Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan, 44919, South Korea.
E-mail addresses: leebyongkyud@unist.ac.kr (B. Lee), yang@unist.ac.kr (C. Yang).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.decarb.2026.100147

Received 7 November 2025; Received in revised form 28 December 2025; Accepted 27 January 2026

Available online 28 January 2026

2949-8813/© 2026 The Authors. Published by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:leebyongkyud@unist.ac.kr
mailto:yang@unist.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.decarb.2026.100147&domain=pdf
www.sciencedirect.com/science/journal/29498813
www.sciencedirect.com/journal/decarbon
https://doi.org/10.1016/j.decarb.2026.100147
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.decarb.2026.100147

J. Park et al.

C-O bonds (two lone electron pairs) in PEG backbone enable to interact
with uncoordinated Pb?* ions at the perovskite film surface by forming
coordinate bonds, which can passivate the defects ultimately improve
the device performances. Besides, many researchers reported the effec-
tive roles of PEG applications to improve both interfaces such as
HTL/perovskite and perovskite/ETL) [25-27], providing positive im-
pacts on reducing the defect density and interfacial recombination.
These strategies can also allow the success of PSCs with enhanced PCE
and stability.

Driven by the previous reports, we assume that PEG can serve as an
effective functional interlayer in the SAM-employed PSCs (e.g., opti-
mizing wettability, promoting better film formation, and minimizing
interfacial recombination losses). In this study, we investigated the roles
of PEG in the MeO-4PACz SAM HTL of the PSCs. Fig. 1a schematically
illustrates the proposed working mechanisms of PEG used as additive
and bilayer within SAM HTL. Hereafter, we denoted as to ‘CONTROL’
fabricated by MeO-4PACz alone, ‘ADDITIVE’ with MeO-4PACz + PEG
additive, and ‘BILAYER’ with MeO-4PACz + PEG layer, respectively.
The ADDITIVE incorporation significantly deteriorates the device per-
formance. However, the BILAYER device exhibited improved film/
morphology formation and minimized interfacial recombination losses/
defect densities, which enabled notable PCEs of 24.75 % (small-area
device) and 20.47 % (1.0 cm? device), significantly higher than those of
CONTROL ones. Besides, the stronger interaction observed between the
hygroscopic PEG and perovskite contributed to excellent device stability
of BILAYER-based unencapsulated devices, retaining over 73 % and
74 % of their initial PCEs after 1000 h, 25 °C, in ambient air and 500 h,
85 °C, in inert conditions, respectively.

2. Results and discussion
2.1. Interfacial electronic properties
We conducted ultraviolet photoelectron spectroscopy (UPS) of the

films without and with PEG to its effect on the energy levels of MeO-
4PACz SAM films. We note that PEG was added into SAM layer as an
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additive and deposited on the top of SAM layer as an interlayer,
respectively, in which we used the optimal PEG concentration of
15 pL mL ! in ethanol (see Experimental section for details). As shown
in Fig. 1b, the highest occupied molecular orbital (HOMO)/lowest un-
occupied molecular orbital (LUMO) levels were calculated as —5.48/
—2.46, —5.28/—2.17, and —5.56/—2.59 eV for CONTROL, ADDITIVE,
and BILAYER films, respectively. The BILAYER film shows a deeper
HOMO level, being closer to that of the perovskite film, which can help
reduce the hole transfer barrier and suppress non-radiative recombina-
tion at the interface. The hole injection barrier (HIB), denoted as ¢,
represents the energy difference between the HOMO band edge (at the
interface) obtained from the secondary electron cut-off energy in the
UPS spectrum and the work function (WF) of the substrate, as shown in
Fig. 1c. The lower HIB value determined by the BILAYER film further
confirmed its beneficial interface modification in terms of charge
transport dynamics.

2.2. Photovoltaic performance

We fabricated p-i-n PSCs with a structure FTO/MeO-4PACz/
perovskite/PDI/LiF/C60/BCP/Ag. The representative J—V curves for
respective PSCs are shown in Fig. 2a. The optimized CONTROL device
exhibited a power conversion efficiency (PCE) of 22.65 % with open-
circuit voltage (Vo) of 1.15 eV, short-circuit current density (Jsc) of
24.43 mA/cmz, and fill factor (FF) of 80.31 %. For the employed PEG
cases, the ADDITIVE device yielded a lower PCE of 20.55 %, while the
PCE of BILAYER device increased to 24.75 %, accompanied by en-
hancements in all the photovoltaic parameters. The detailed photovol-
taic parameters are summarized in Table 1. The superior PCE in
BILAYER device should be partially correlated with the suitable tuning
of energy level alignment above.

Fig. 2b presents the statistical distribution of PCEs extracted from the
fabricated devices as a function of different HTLs. Moreover, inspired by
the excellent performance brought by BILAYER configuration HTL, we
extended our research to PSCs with a large active area (1.0 cm?) as
shown in Fig. 2c. Similar to small-size cell tests, the BILAYER device
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Fig. 1. (a) Conceptual illustration elucidating the underlying mechanism of ADDITIVE and BILAYER (b) Energy level alignments for a range of hole transport layers

(HTLs). (c) Comparison of hole injection barriers across different HTLs.
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Fig. 2. (a) Current-voltage (J-V) characteristics. (b) Statistical distribution of power conversion efficiencies (PCEs) for 20 individual devices. (c) J-V characteristics of
a device with an active area of 1.0 cm?. (d) Light intensity dependence of the open-circuit voltage (Voc). (e) Transient photovoltage (TPV) and (f) Transient
photocurrent (TPC) measurements of the Control-, Additive-, and Bilayer-based devices.

Table 1
Device parameters of CONTROL, ADDITIVE, and BILAYER devices.

Device Voc! [V] Jsc' [mA/cm?] FF' [%] PCE! [%]

CONTROL 1.15 (1.14 + 0.009) 24.43 (23.01 + 0.80) 80.31 (79.79 + 0.61) 22.65 (21.15 + 0.76)
ADDITIVE 1.14 (1.16 + 0.008) 22.47 (22.13 + 0.56) 79.79 (78.79 + 0.89) 20.55 (20.02 + 0.66)
BILAYER 1.16 (1.16 + 0.007) 25.48 (24.97 + 0.69) 83.10 (82.10 + 0.82) 24.75 (23.87 + 0.68)

! Average device parameters are shown with an error range of one standard deviation (20evices were tested for statistics).

yielded far better PCE of 20.47 % compared to the others (CONTROL
(19.02 %) and ADDITIVE (17.73 %)).

Further, to determine the charge recombination status in device, the
light intensity dependence of Voc of devices was measured. The
BILAYER device had a lower slope (n) value of 1.25 kT/q than those of
the others (CONTROL (1.29 kT/q) and ADDITIVE (1.35 kT/q), as seen
from Fig. 2d, where k, T, and q are the Boltzmann constant, Kelvin
temperature, and charge, respectively. The lowest n value for the bilayer
indicates that it has the least Shockley-Read Hall (SRH) recombination
at the perovskite interface [6]. Therefore, from this result, the
trap-assisted recombination was significantly reduced in BILAYER de-
vice, which can be recognized as a defect-passivation effect at the
BILAYER/perovskite interface, resulting in increasing of device
performance.

Transient photovoltage/photocurrent (TPV/TPC) measurements were
carried out to investigate the charge-carrier dynamics in the devices
under open-circuit and short-circuit conditions, respectively. As shown in
Fig. 2e, the photovoltage decay times obtained from TPV were 8.64 ps for
the CONTROL device, 6.21 ps for the ADDITIVE-based device, and 4.49 ps
for the BILAYER-based device. The TPC results (Fig. 2f) show that the
photocurrent decay time was 1.83 ps for the CONTROL device, decreased
to 1.39 ps for the BILAYER device, but increased to 2.78 ps for the AD-
DITIVE device. These results confirm the reduced recombination and
improved charge extraction capability in the case of BILAYER.
Conversely, the BILAYER configuration effectively minimizes recombi-
nation losses, which contributes to its superior photovoltaic performance.

2.3. Morphology and charge transport properties

We characterized the microscopic morphology of the HTLs films via
atomic force microscopy (AFM), scanning electron microscopy (SEM),
and X-ray diffraction (XRD) measurements, respectively. As shown in
Fig. 3a, the BILAYER film has a smoother surface with a root-mean-
square (RMS) roughness of 30.6 nm than that of CONTROL (37.9 nm)
and ADDITIVE (35.1 nm) films, which is convenient for good contact
between SAM layer and top perovskite film [16]. Besides, as verified by
the top-view scanning electron microscope (SEM) images in Fig. 3b, the
perovskite film on BILAYER substrate has smoother surface and larger
grains than those of the CONTROL and ADDITIVE cases. It is evident that
larger grains help to reduce the density of grain boundaries, which are
places for non-radiative recombination, while the CONTROL and AD-
DITIVE films exhibit rough surfaces, uneven grain sizes, and indistinct
grain boundaries, which can promote the defect formation [28,29].

Fig. 3c presents the X-ray diffraction (XRD) patterns, in a closer look
around (100) diffraction peak regions (see Fig. 3d), an additional peak at
11.45° appears in the BILAYER, likely due to PEG forming hydrogen
bonds and coordinating with Pb?* ions, which creates a unique inter-
mediate phase that influences perovskite crystallization. We quantified
the 11.45° feature by peak fitting and found that its normalized inte-
grated intensity is significant only for the BILAYER, suggesting a minor
PEG-Pb%" coordination-induced intermediate/adduct-like phase at the
HTL/perovskite interface (Fig. S1 and Table S1). We also found that in
the comparison, the BILAYER exhibits smaller full width at half
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Fig. 3. (a) Atomic force microscopy (AFM) images of various hole transport layers (HTLs) on FTO substrate. (b) Scanning electron microscopy (SEM) images of
perovskite films deposited on different substrates. (c) X-ray diffraction (XRD) patterns of perovskite films with three HTLs. (d) Fitting analysis of the (100) peak in
XRD data with inset showing the Full Width at Half Maximum (FWHM) values of the (100) diffraction peak for perovskite films.

maximum (FWHM) (0.13) of the (100) diffraction peak with slightly
intensified intensity, indicating a better perovskite-film quality with
larger grains and fewer grain boundaries (GBs) [30]. The detailed XRD
parameters such as crystal size and d-spacing are summarized in
Table S2.

To evaluate defect densities in perovskite films, space-charge-
limited-current (SCLC) measurements were performed on hole-only
devices with an FTO/HTL/perovskite/MoO3/Ag structure. As shown
in Fig. 4a and Table S3, the cross points of ohmic region and trap-filling
region indicate the trap-filled limit voltage (V1gL), which are determined
to be 0.40 V, 0.45 V and 0.26 V for CONTROL, ADDITIVE and BILAYER
devices, respectively. The lower trap density within the BILAYER device
implies enhanced hole transport properties, thus increasing Vo¢ and FF
as observed earlier [6]. The trap-state density (Ny) is positively corre-
lated with the V.. The N; values was calculated as 8.3 x 10,
9.3 x 10", and 5.4 x 10" c¢m 2 for devices based on CONTROL, AD-
DITIVE and BILAYER, respectively. The decreased N;in BILAYER can be
originated from the defect-passivation effect on the bottom interface of
the perovskite.

For a thorough understanding of the charge carrier dynamics at the
buried interface, we performed photoluminescence (PL) and Time-
resolved photoluminescence (TRPL) measurements, as depicted in
Fig. 4b and Fig. S2. In addition to significantly enhanced PL intensity,
the BILAYER film exhibited a longer average carrier lifetime (tayg) of
1425.58 ns compared to the others (ADDITIVE (710.04 ns) and the
CONTROL (526.10 ns)). These results are attributed to the reduced the

non-radiative recombination pathway as a result of better defect-
passivation effects of BILAYER [17,31]. Table S4 presents the detailed
results calculated from the biexponential fitting of TRPL curves.

To investigate the interaction between perovskite and MeO-4PACz
SAM with and without PEG, the X-ray photoelectron spectroscopy
(XPS) was carried out. As shown in Fig. 4c and d, the CONTROL film
showed the characteristic peaks of O 1s and C 1s within MeO-4PACz unit
at binding energy of 530.59 eV and 284.02 eV, respectively. Upon the
presence of PEG, these peaks were shifted toward higher binding energy:
The ADDITIVE film displayed the coexistence of small shifted original O
1s and C 1s peaks and the additional peaks in high binding energy re-
gions, corresponding to the interaction between MeO-4PACz and PEG.
On the other hand, the single peaks large-shifted to the high energy
(533.04 eV (O 1s) and 286.79 eV (C 1s)) were observed in BILAYER film,
indicating a stronger interaction between MeO-4PACz and PEG.

As illustrated in Fig. 4e and f, the contrasting effects of PEG in the
ADDITIVE and BILAYER HTL configurations arise from its interaction
with the MeO-4PACz SAM at the ITO interface. In the ADDITIVE case,
PEG co-adsorption disrupts SAM formation/packing, leading to a poorly
defined hole-selective contact and increased interfacial trap-assisted
non-radiative recombination. By contrast, in the BILAYER configura-
tion, the MeO-4PACz SAM remains intact, while the PEG layer acts as a
secondary interfacial modifier that promotes favorable perovskite
nucleation/morphology and passivates interfacial defects, enabling
efficient hole extraction and improved device performance.
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Fig. 4. (a) Space-charge-limited current (SCLC) characterization of hole-only devices with the architecture FTO/HTL/Perovskite/Spiro-OMeTAD/Mo0O3/Ag. (b)
Photoluminescence (PL) spectra of the perovskite films deposited on three different HTLs. X-ray photoelectron spectroscopy (XPS) spectra of (c) O 1s and (d) C 1s for
the corresponding samples. Schematic illustration of the working mechanisms of devices employing (e) ADDITIVE and (f) BILAYER HTLs.

2.4. Device stability

The stability of unencapsulated devices was evaluated under
ambient air (25 °C, 30 % relative humidity (RH)) and thermal (85 °C in
an inert) conditions, respectively. As shown in Fig. 5a, the BILAYER
device retained 73 % of its initial PCE after 1000 h in ambient air con-
ditions, outperforming CONTROL (61 %) and ADDITIVE (63 %) devices.
Similarly, under the thermal stress, the BILAYER device again showed
much better PCE retention (over 74 %) 500 h compared to the others
tested under the same conditions (Fig. 5b). The improved stability re-
sults of the BILAYER devices can originate from improved film
morphology and reduced defect density induced by the stronger inter-

action between the PEG and perovskite [32].

3. Conclusions

In summary, the roles of polar, hygroscopic PEG played in the MeO-
4PACz SAM HTL of the PSCs (as ADDITIVE and BILAYER, respectively)
were properly investigated. The ADDITIVE structure had somewhat
negative impacts on the frontier energy levels and the relation to PSC
device performance. In a sharp contrast, the BILAYER structure enabled
superior PCEs of 24.75 % (lab-scale area) and 20.47 % (large area),
which was significantly higher than that observed for CONTROL due to
multiple benefits such as better film/morphology formation and mini-
mizing interfacial recombination losses/defect densities. Moreover, the
BILAYER-based unencapsulated devices retained 73 % and 74 % of their

initial PCEs after 1000 h, at room temperature in ambient air and 500 h
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Fig. 5. Stability test of Control, Additive-based, and Bilayer-based unencapsulated devices (a) under ambient air conditions with relative humidity (RH) of 30 & 5 %.

(b) at 85 °C in a nitrogen-filled glove box.
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at 85 °C in inert conditions, respectively, while CONTROL ones main-
tained only 61 % and 56 % in the same conditions. The enhanced sta-
bility of BILAYER devices should be also correlated with reduced density
and improved morphology derived by the stronger interaction between
the hygroscopic PEG and perovskite. Our studies offer a simple, easy
way to stimulatingly improve the performance and stability of PSCs.

4. Experimental section
4.1. Materials

All chemicals employed in the experiment were purchased from
Sigma-Aldrich and TCI Chemicals. Acetone (99.5 %, Samchun Chem-
icals), 2-propanol (IPA, 99.5 %, Samchun Chemicals), anhydrous
ethanol (Sigma-Aldrich), anhydrous dimethylsulfoxide (DMSO, Sigma-
Aldrich), anhydrous dimethylformamide (DMF, Sigma-Aldrich), anhy-
drous ethyl acetate (Sigma-Aldrich), were procured and used directly for
substrate cleaning, solvent preparation, and antisolvent dropping
without further purification. MeO-4PACz (TCI), formamidinium iodide
(FAI, Greatcell Solar), cesium iodide (CsI, ultradry, 99.999 % Alfa
Aesar), lead iodide (Pbl,, TCI), piperazinium diiodide (PDI, Greatcell
Solar), C60 (99.99 %, OSM), and Ag (99.9999 %, iTASCO) were ac-
quired and utilized without additional purification procedures.

4.2. Device fabrication

The FTO substrates were cleaned using ultrasonic treatment in
deionized water, acetone, and isopropanol, followed by overnight dry-
ing in an oven. Subsequently, the substrates underwent UV-ozone
treatment for 20 min. A MeO-4PACz solution (0.5 mg mL~! in ethanol)
was spin-coated onto the FTO substrate at 3000 rpm for 30 s, followed
by annealing at 100 °C for 10 min. PEG was dissolved in ethanol to
prepare a uniform solution with a concentration of 0.1 mg mL L. For the
ADDITIVE approach, a 10:1 ratio of SAM to PEG was used for mixing. In
the BILAYER approach, the PEG layer (0.1 mg mL™') was spin-coated at
3000 rpm, followed by thermal annealing at 100 °C for 10 min.

Cso.185FA¢.815Pb(Io.875Bro.125)3 perovskite precursor solution was
prepared by using DMF:DMSO (4:1). Briefly, perovskite films were
deposited via a solvent engineering method by spin coating a precursor
solution in two steps at 3500 rpm for 30 s and then at 6500 rpm for 5 s.
Anhydrous ethyl acetate (200 pL) was dripped at the center of the
substrate during the second step. After spin-coating, transfer it to a hot
plate at 100 °C for annealing for 30 min. Transfer the above-mentioned
substrate into a vacuum chamber and thermally evaporate LiF (1 nm),
Ceo (20 nm), BCP (8 nm), and Ag (120 nm) sequentially.

4.3. Device characterization

Photocurrent density-voltage J-V curves were recorded using a
Keithley 2400 source under illumination of a solar simulator (§X1100,
Enlitech) with an intensity of AM 1.5G 100 mW cm 2 calibrated by a
Newport 91150-KG5 reference solar cell. EQE measurements were
conducted by using a solar-cell spectral-response measurement system
(QE-R3011, Enlitech). AFM images of the films were taken by Dimension
ICON (Bruker). photoluminescence (PL) measurements were conducted
using ELCT-3010 PL mode (Enlitech). X-ray Photoelectron Spectroscopy
(XPS) was performed using K-alpha (ThermoFisher).
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