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In perovskite solar cells (PSCs), surface and interfacial conditions play a crucial role in determining overall
device performance. In typical p-i-n architecture of wide bandgap (WBG, 1.6-1.8 eV) Sn-based PSCs, the
interface between hole transport layer (HTL) and perovskite (PVK) has a significant impact on hole transport,
interfacial chemical interactions, and perovskite film quality. This study aims to address these issues by incor-
porating self-assembled monolayers (SAMs) MeO-2PACz and 2PACz at the PEDOT:PSS HTL/Sn-PVK interface. X-
ray photoelectron spectroscopy confirmed the interaction between the anchoring group (P-O™) of the SAM and
S* in PEDOT:PSS through phosphonic acid deprotonation at the interface, and improved work function was
observed through the UPS study. Furthermore, the SAMs contributed to the formation of a compact PVK film
with enhanced preferential orientation. Interestingly, a chemical interaction between the oxygen-donor of the
methoxy (CH3O™) terminal group in MeO-2PACz and the Sn-halide octahedra was observed, which partly
contributed to suppress the oxidation of Sn>" state and defect density of perovskite. Additionally, femtosecond
transient absorption spectroscopy (fs-TAS) showed faster trap filling (t;) characteristics (t1~19 ps). Fs-TAS and
photoluminescence further indicated fast hole extraction (t12~125 ps) as well as high quenching efficiency of
47%. Based on these findings, an unprecedented efficiency of n~12.16% (certified 11.60%) was achieved in
WBG Sn-PSCs using the HTL/MeO-2PACz/PVK structure, outperforming the HTL/2PACz/PVK (8.78%) and HTL/
PVK (7.44%) structures. This study provides crucial guidelines on interfacial engineering for WBG Sn-PSCs.

1. Introduction typical PSCs, consisting of photo-absorbers with specific bandgaps, have
limited optical absorption. This limitation has driven the development

Metal halide perovskites (PVKs) possess remarkable optoelectronic of tandem solar cells (TSCs) with multiple light harvesters of different

properties, are easy to process, and exhibit desirable tunability in
bandgaps. With tremendous properties halide PVKs have been used in
various applications such as LEDs, energy storage devices, and partic-
ularly as efficient photo-absorber in perovskite solar cells (PSCs) with a
certified power conversion efficiency (PCE) of 25.8% [1]. However,

bandgap combinations [2]. Commercializing TSCs can be challenging
due to the presence of toxic lead (Pb) in halide PSCs, which falls under
hazardous materials regulations [3]. As a result, pure tin (Sn)-based
PSCs have emerged as promising next-generation PSCs due to several
benefits, including high carrier mobility and high theoretical PCE.
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However, Sn-based PSCs suffer from structural and operational insta-
bility. Despite continuous efforts to enhance PCE in Sn-PSCs (with a
bandgap of approximately 1.43 eV), it reaches only around 14.8% [4],
making it suitable as the bottom sub-cell in PVK TSCs. To develop
Pb-free all-PVK TSCs, it is equally important to conduct an in-depth
study to develop Sn-based wide bandgap (WBG, 1.6-1.9 eV) PSCs as
top sub-cells, which can enhance the open circuit voltage (V) in TSCs
[5]. In our previous report, we adopted a compositional engineering
strategy in WBG Sn-PVK and achieved a decent PCE of 7.9% [6].
However, optimizing the device performance goes beyond surface and
bulk optimization of the PVK layer and charge transport layer (CTL). The
CTL/PVK interface plays an important role in efficient photovoltaic (PV)
operation; therefore, interfacial engineering is vital to enhance device
performance. Conventionally, poly(3,4-ethylenedioxythiophene): poly
(styrenesulfonate) (PEDOT:PSS) has been widely used as a hole trans-
port layer (HTL) in WBG Sn-PSCs [7-10]. It significantly affects hole
transport dynamics due to energy level stiffness and chemical in-
teractions at the perovskite/HTL interface, thereby influencing the
quality of perovskite film [8,11].

Introducing self-assembled monolayer (SAM) on top of the HTL is
known as an effective approach to mitigate moisture infiltration from
PEDOT:PSS, thereby protecting the degradation of PVK and modify the
work function of HTL [8,12,13]. SAMs are ultra-thin 2D nanostructures
composed of spacer molecules such as carbazole, with anchoring (car-
boxylic, phosphonic, and boronic acids) and terminal head groups
[14-17]. Replacing PTAA with either 2PACz or MeO-2PACz substan-
tially increases the device efficiency of Pb-PSCs (PCE~20.8%) due to the
high hole selectivity of both 2PACz and MeO-2PACz [18]. In Sn-PSCs,
2PACz as an interlayer over PEDOT:PSS demonstrated 8.6% PCE,
attributed to improved device performance through better HTL/PVK
interface alignment achieved by through work function tuning [8].
Although previous studies have implemented SAMs, specifically 2PACz
or MeO-2PACz, in PSCs to tune work function (WF) and adjust band
alignments, these SAM layers differ in their terminal functionality and
their effects on device performance. However, no clear guidelines are
available to differentiate and determine the optimal choice of SAMs
when dealing with Sn-PSCs.

To explore the multiple functionalities of SAMs as interlayers be-
tween HTL and Sn-PVK interface, this study conducts a comparative
analysis of utilizing 2PACz and MeO-2PACz. The aim is to provide a
comprehensive guideline for selecting the appropriate SAM to enhance
device performance in WBG Sn-PSCs. The comparative analysis includes
HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK, where HTL
refers to PEDOT:PSS (HTL) and PVK refers to WBG Sn-PVK (PEAg 15.
FAg.75MAg 10SnlpBr). The results showed an enhancement in device
performance from 7.44 to 8.78% using HTL/2PACz/PVK. Interestingly,
the PCE further increased to 12.16% (with a certified PCE of 11.60%) for
HTL/MeO-2PACz/PVK, setting a record PCE among WBG (1.6-1.8 eV)
Sn-PSCs reported to date. X-ray photoelectron spectroscopy (XPS)
revealed the interaction of P-O group (anchoring phosphonic acid
group) of SAM with S™ in PEDOT:PSS, resulting in an improved work
function at the HTL as observed through ultraviolet photoelectron
spectroscopy (UPS). The XRD analysis indicated a preferred orientation
of crystallographic planes for HTL/MeO-2PACz/PVK, and the interac-
tion between Sn halide octahedra and the methoxy group led to sup-
pressed non-radiative recombination and controlled oxidation of
perovskite film. Detailed analysis of hole extraction dynamics demon-
strated fast trap filling and efficient hole extraction in HTL/MeO-2PACz/
PVK. Furthermore, the device performance of HTL/MeO-2PACz/PVK
structure exhibited almost 100% retention of its initial efficiency in
long-term stability (under N»-filled glovebox conditions) over 2000 hrs,
with 92.6% performance retention observed over 300 hrs (device
measured at ambient atmospheric conditions with relative humidity
(RH) of 30-50%). In contrast, HTL/2PACz/PVK and HTL/PVK devices
degraded and retained only 72.1% and 74.9% of initial performance,
respectively. The significant findings and fundamental insights from this
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work provide valuable guidelines for choosing the most suitable SAMs
with specific head and anchoring group functionalities as interlayers,
that can help in multiple ways to passivate perovskite defects, improve
work function, and hole extraction rate, which collectively enhances the
device performance and useful for eco-friendly WBG Sn-PSCs and all-
PVK tandem solar cells.

2. Results and discussion

To investigate the impact of SAM interlayer on the optoelectronic
properties of WBG Sn-PSCs, we initially fabricated p-i-n device struc-
tures. The device architecture consisted of ITO/HTL (PEDOT:PSS)/
SAM/WBG-PVK (PEAO_15FAO_75MAO_1()SnlzBI')/PCBM/BCP/Ag, as illus-
trated in Fig. 1(a). SAM treatments were applied to the HTL/PVK in-
terfaces. The experimental section provides detailed information about
the material processing and device fabrication, along with the charac-
terization tools used. The current density-voltage curves and compre-
hensive photovoltaic (PV) parameters with forward and reverse scans
are presented in Fig. 1(b) and Table S1, respectively. We observed a
power conversion efficiency (PCE) of 7.44% for the control PSC with
HTL/PVK. However, the introduction of 2PACz (HTL/2PACz/PVK) led
to a slight improvement in the PV performance, resulting in a PCE of
8.78%. Notably, a significant enhancement in device performance was
achieved by incorporating MeO-2PACz (HTL/MeO-2PACz/PVK),
yielding a remarkable PCE of 12.16% (certified PCE of 11.60% in
Fig. S2), accompanied by a V. of 0.93 V and J,. of 16.60 mA-cm~2 and
reduced hysteresis as indicated in Table S1. This PCE surpasses the
previous record performance (11.17%) reported to date for WBG Sn-
PSCs (>1.6 eV), as indicated in Fig. S1 [7].

We conducted a series of tests on 15 devices for each case, and the
statistical distribution of all device parameters is presented in Fig. S3.
The stabilized power output (SPO) at maximum power point (MPP)
illuminated under 1 Sun in ambient atmospheric conditions for HTL/
MeO-2PACz/PVK is shown in Fig. S4. To gain a better understanding
of significant enhancement in device efficiency, we performed external
quantum efficiency (EQE), internal quantum efficiency (IQE) measure-
ments, electrochemical impedance spectroscopy (EIS), and dark J-V
measurements. The champion device (HTL/MeO-2PACz/PVK) exhibited
an increase in EQE, IQE, and integrated Jg. (15.87 mA-cm™~2), consistent
with the Jg. value obtained from the J-V characteristics (Figs. S5, S6).
The enhancement in quantum efficiency is typically attributed to effi-
cient charge carrier separation/collection and improved light absorp-
tion. In this case, we speculate that the increase in EQE could be mainly
ascribed to efficient charge carrier collection from improved energy
band alignment (favorably tuned work function) as well as improved
PVK film quality, with reduced defect states and enhanced photo-
generated charge carrier separation [6]. IQE measurements also
revealed enhanced internal charge collection efficiency by employing
the SAMs addition between HTL/PVK interface, especially in case of
MeO-2PACz.

The film morphology was characterized using field emission scan-
ning electron microscopes (FESEM), as detailed in the characterization
section. The FESEM image of HTL/PVK (Fig. S7(a)) shows the presence
of highly smooth PVK film with certain pinholes observed at the surface.
It is expected that 2D halide perovskite randomly distributed on the
surface and hence grain boundaries were not easily detected at the
surface. Because a solution processed polycrystalline perovskite film
(Glass/ITO/PEDOT:PSS/perovskite) could not be formed without any
grain boundary, its polycrystalline nature with obvious some grain
boundaries can be observed through the FESEM cross-sectional image as
shown in Figure S8. In the case of HTL/2PACz/PVK (Figure S7(b)), a few
pinholes were detected between PEDOT:PSS and PVK. However, for
HTL/MeO-2PACz/PVK (Figure S7(c)), we observed a high-quality PVK
film without pinholes. This could be attributed to the chemical inter-
action between the methoxy terminal group of MeO-2PACz and Sn-PVK
[19]. Direct contact between the Sn-PVK layer and acidic PEDOT:PSS
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Fig. 1. (a) Schematic of p-i-n device structure, (b) Current-Voltage (J-V) curves, (c) Nyquist plots (d) Dark J-V (e) TPV and (h) TPC plots for HTL/PVK, HTL/2PACz/

PVK and HTL/MeO-2PACz/PVK.

can lead to undesirable degradation of PVK, however by preventing the
direct interaction of Sn-PVK with PEDOT:PSS, such degradation can be
controlled [8,12]. EIS measurements were conducted in the frequency
range of 2 kHz to 1 MHz at 0.65 V for all three cases (Fig. 1(c)). The data
were fitted into an equivalent circuit with series resistance (Rs) and
recombination resistance (Rye.) (Figure S9). Rie. showed a significant
improvement from 964.08 Q (HTL/PVK) to 1268.66 Q
(HTL/2PACz/PVK). Furthermore, we observed an even greater
enhancement in Ry, reaching 1929.02 Q for the HTL/MeO-2PACz/PVK
device, resulting due to improved interfacial connectivity at HTL/PVK
interface and responsible for an increase in the fill factor (FF) [20]. The
HTL/MeO-2PACz/PVK device has the highest Ry of 1929.02 Q, we may
speculate that the improved V,. in HTL/MeO-2PACz/PVK device is
resulted due to suppressed non-radiative recombinations. Fig. 1(d) dis-
plays the dark J-V characteristic curves for the HTL/PVK,
HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK samples. The current
density level is lower for the HTL/MeO-2PACz/PVK structure compared
to the HTL/PVK and HTL/2PACz/PVK cases, indicating minimal leakage
current when using the MeO-2PACz SAM. This suggests a significantly
reduced trap density in the PVK film of the HTL/MeO-2PACz/PVK de-
vice, which aligns with the enhanced Ry observed in the EIS analysis
[21,22].

To further validate our observations regarding the reduced trap
densities in the HTL/MeO-2PACz/PVK architecture compared to HTL/
2PACz/PVK and HTL/PVK-based devices, we performed Mott-Schottky
(M-S) analysis using capacitance-voltage (C-V) measurements. The M-
S equation, 1 /C% =2 (Vbi-V)/(A2 qeegNg) [23,24], was employed, where
C, V, A, q, &9, and ¢ represent the capacitance, applied bias, active area
(0.04 cm?), elementary charge, permittivity of free space, and static
permittivity of PVK, respectively. The Vy; (built-in potential) and Ny
(defect density) were determined from the X-axis intercept and slope of
the linear portion of the M-S curve (Figure S10). The
HTL/MeO-2PACz/PVK device exhibited an improved Vy; of approxi-
mately 0.444 V, compared to HTL/2PACz/PVK (0.409 V) and HTL/PVK
(0.367 V) counterparts. This suggests better separation of
photo-generated carriers and a more favorable driving force in extended
depletion regions [25]. The calculated N4 values were 1.32 x 1011, 1.01

x 10", and 7.77 x 10'® em™ for HTL/PVK, HTL/2PACz/PVK, and
HTL/MeO-2PACz/PVK samples, respectively. This indicates that the
incorporation of MeO-2PACz as the interfacial SAM at HTL/PVK effec-
tively inhibits the trap density in Sn-PVK. To assess the impact of the
SAM on charge collection processes, transient photovoltage (TPV) and
photocurrent (TPC) measurements were conducted (Fig. 1(e, f)). The
carrier recombination lifetime (te.) and charge carrier transport life-
time (t.y) were extracted from the fitted curves using Eq. (1). The
HTL/PVK and HTL/2PACz/PVK PSCs exhibited Tp. (tct) values of
approximately 32.51 ps (1.17 ps) and 61.97 ps (0.61 ps), respectively.
While comparatively slow carrier recombination lifetime (trec ~ 85.88
ps) and carrier transport rate (t.; ~ 0.29 ps) were observed, observed in
HTL/MeO-2PACz/PVK which shows that the MeO-2PACz SAM inter-
layer beneficially reduced defects at the HTL/PVK interface and within
the bulk of the PVK.

To clarify these observations, we conducted detailed crystallo-
graphic analyses using XRD measurement as shown in Fig. 2(a). The
major XRD peaks at 14.1°, and 28.4" with no other impurities observed
in HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK films,
correspond to (100) and (200) crystallographic planes of PVK [6],
indicating a preferential crystal orientation. The XRD peak intensity was
enhanced in the HTL/2PACz/PVK film and further increased in the
HTL/MeO-2PACz/PVK sample, suggesting that the SAM interlayer could
improve the crystallinity and preferred orientation of PVK [26]. More-
over, the full width at half maxima (FWHM) was extracted from the XRD
patterns [27]. It was confirmed that the FWHM values decrease suc-
cessively HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK,
provided in Table S2. As reported, wet surfaces generally have higher
tension-dragging forces [28]. PEDOT:PSS, for instance, exhibits high
surface tension dragging force, which reduces the mobility of PVK film
growth along grain boundaries. However, surface treatment of PEDOT:
PSS with SAM dramatically decreases the surface tension dragging
forces, potentially leading to the formation of larger-grain PVK films. To
further investigate these findings, we performed grazing-incidence
wide-angle X-ray scattering (GIWAXS). Fig. 2(b-d) depict the 2D
GIWAXS  images for  HTL/PVK, HTL/2PACz/PVK, and
HTL/MeO-2PACz/PVK films on an ITO substrate at an incident angle of
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Fig. 2. (a) X-ray diffraction (XRD) patterns and (b-e) Comparative Grazing-incidence wide-angle X-ray scattering (GIWAXS) and line cut profile from GIWAXS images

of HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK.

0.12°. The corresponding line cut profile is shown in Fig. 2(e), and
additional instrument and parameter details are provided in the char-
acterization section. The 2D GIWAXS patterns (Fig. 2(b)) exhibit Bragg
spots for HTL/PVK, where the Bragg spots located at q,~1.0 A~! and
g,~2 A~! along q, direction correspond to the preferential growth of
PVK crystals on the (100) and (200) hkl planes. It was further observed
that, the intensity of Bragg spots slightly increased for HTL/2PACz/PVK
(Fig. 2(c)) and intensified more for HTL/MeO-2PACz/PVK (Fig. 2(d))

than other ones. Fig. 2(e) presents the line cut profile of the HTL/PVK,
HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK structures, indicating the
preferred orientation at the (100) and (200) planes with highly promi-
nent peak intensities in the HTL/MeO-2PACz/PVK sample. With these
results, we may speculate that the insertion of SAM as interlayer benefits
to improve the crystallinity of PVK and helps in preferred growth
orientation, which is consistent with the XRD analysis.

To confirm the presence of the SAM at the HTL/PVK interface and
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Fig. 3. Comparative X-ray photoelectron spectroscopy (XPS) core spectra (a) P 2p XPS core spectra for PEDOT:PSS (HTL) (black line), MeO-2PACz (green line) and
HTL/MeO-2PACz (orange line) (b) Sn 3d XPS spectra for HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK, respectively. (c) 13C Nuclear magnetic resonance
(NMR) spectra of 2PACz, 2PACz-Snl,, MeO-2PACz, and MeO-2PACz-Snl, in DMSO-dg solution.



S. Cho et al.

investigate the interactions between HTL/SAM and SAM/PVK, surface
chemical analysis was conducted using XPS measurement. The XPS core
spectra shown in Fig. 3 (a, b) and Figure S11 were calibrated with the
Cls adventitious carbon peak at binding energy (BE) of 284.6 eV [29].
As shown in Figs. S11 and 3(a), the XPS core spectra of the S 2p and P 2p
peaks indicate the presence of PEDOT:PSS (HTL) and MeO-2PACz (SAM)
layers. In the case of HTL and HTL/MeO-2PACz (Figure S9), the S 2p
core spectra exhibit distinct peaks in the BE range of 163-166 eV and
168-170 eV. The thiophene component of PEDOT is fitted in HTL and
HTL/MeO-2PACz, showing a spin-orbit doublet at 163.8 eV (2P3,3) and
165.0 eV (2P /5), with a splitting of 1.2 eV as expected for S 2p state. The
contribution of styrene sulfonate (SS) component of PSS to the S 2p peak
appears at 168.3 eV (2P3,2) and 169.4 eV (2P;,2) BEs [30,31].
Furthermore, the interaction of MeO-2PACz with PEDOT:PSS was
identified through the P 2p XPS core spectra as depicted in Fig. 3(a). The
XPS signal was observed in MeO-2PACz and HTL/MeO-2PACz films,
indicating the presence of MeO-2PACz (SAM) at PEDOT:PSS surface. In
the HTL/MeO-2PACz film, a shift towards lower binding energy (133.6
eV) in the P 2p (Fig. 3(a)) was observed. The shift is possibly due to the
deprotonation of the phosphonic acid terminal group upon binding to
the surface and corresponds to the interaction of P-O~ of MeO-2PACz
with §T atoms in PEDOT [8,32-34]. UPS was further conducted to
examine the difference in work function (WF) of HTL/SAM with HTL
(PEDOT:PSS). The UPS measurement was performed using an ITO sub-
strate for all cases and the instrumental information is provided in the
characterization details. Figure S12 shows the secondary energy cutoff
region used to calculate the WF ‘¢p’, which was determined to be 5.21 eV
for ITO/HTL [35]. A slight increase in WF values was observed for
ITO/HTL/SAM films, with values of 5.25 eV for ITO/HTL/2PACz and
5.30 eV for ITO/HTL/MeO-2PACz, as an approximate estimation. It is
noteworthy that the increase in the WF of the ITO/HTL/MeO-2PACz
sample indicates more promising energetics as a hole transport layer
in our device.

We conducted an extended XPS study to investigate the interactions
between SAM and PVK layers. A complete survey scan of HTL/MeO-
2PACz/PVK and HTL/2PACz/PVK, compared to HTL/PVK film, is
shown in Fig. S13. The graph indicates the presence of Sn 3d, I 3d, Br 3d,
C1s,N1s,and O 1 s peaks as marked. To examine the chemical state
variation resulting from the interaction between SAM with Sn-PVK, XPS
core spectra of C 1 s, Sn 3d, and I 3d were analyzed. The C 1 s core
spectra for HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/PVK
were deconvoluted as shown in Fig. S14(a). To determine the contri-
bution of PVK, an additional C 1 s core spectrum of PEA( 15FAq 75.
MAy.10Snl»Br PVK is presented in Fig. S14 (b). For PVK, the XPS core
spectrum was deconvoluted into four peaks. The peak at 285.5 eV is
attributed to the C—N signal from MA [36]. The BE~287.8 eV corre-
sponds to the C=NH3 component of FA, while BE~288.7 eV is ascribed
to the surficial interaction with moisture (C = O) [29,37]. In Figure S14
(a), the C 1 s core spectra show the coexistence of FA, MA, and PEA
components of PVK, SAM interlayer, and PEDOT:PSS layer. The peak at
286.3 eV corresponds to the coexistence of C-S/C—O and C—N com-
ponents of PEDOT:PSS, 2PACz, or MeO-2PACz and PEA (from PVK) in
films [38,39]. Notably, BE peak at 287.6 eV in HTL/2PACz/PVK and
HTL/MeO-2PACz/PVK corresponds to the C-P component from
MeO-2PACz or 2PACz SAM interlayer [18], which is absent in the C1 s
spectrum of HTL/PVK. We further examined Sn 3d and I 3d XPS spectra
(Figs. 3(b) and S15) to verify the oxidation states and chemical inter-
action of PVK with SAM interlayers. The BEs of Sn 3ds,2 (Sn 3ds,2) for
HTL/PVK are at 486.3 eV (494.7 eV), corresponding to the Sn?t state, as
previously reported [40,41]. The signature peaks of I 3ds,2 (I 3d3/2) are
located at 618.8 eV (630.4 eV). A small shift (~0.2 eV) towards lower
BEs in the Sn 3d and I 3d spectra (Figs. 3(b) and S15) was observed for
both HTL/2PACz/PVK and HTL/MeO-2PACz/PVK, compared to pristine
HTL/PVK, may associated to chemical interaction between Sn-PVK and
SAM interlayer [42,43]. The XPS analysis of HTL/2PACz/PVK and
HTL/MeO-2PACz/PVK films suggest certain chemical interactions.
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However, MeO-2PACz differs from 2PACz due to the presence of an
additional terminal methoxy group (CH30 ). Based on the results ob-
tained from the device study and crystallographic analysis, it is evident
that MeO-2PACz has additional advantages over 2PACz, which may be
attributed to the existence of an additional CH30~ terminal group in
MeO-2PACz.

To provide stronger evidence for the hypothesis of PVK interaction
with the methoxy terminal group of MeO-2PACz, we performed 3C
liquid state nuclear magnetic resonance (NMR) measurements on sam-
ples containing 2PACz, 2PACz-Snl; MeO-2PACz, and MeO-2PACz-Snl,
in deuterated DMSO-dg solution as shown in Fig. 3(c) and Fig. S16
(sample preparation details are provided in characterization section).
The resonance signal at 39.52 ppm (Fig. S16) corresponds to the dg
solution, as reported [44]. The resonance signals obtained from the NMR
study are in good agreement with the !3C NMR of 2PACz and
MeO-2PACz (provided in supporting information, Fig. S16) [18]. No
chemical shift is observed in the '3C NMR spectrum of 2PACz-Snl, as
compared to 2PACz. In Fig. 3(c), the resonance signal at 55.68 ppm in
MeO-2PACz corresponds to the carbon of the methoxy (CH30 ™) terminal
group of MeO-2PACz, which exhibits a chemical shift to 55.75 ppm for
MeO-2PACz-Snl,. Studies on the interaction of PVK with valeric acid
using Fourier Transform Infrared Spectroscopy (FT-IR) and NMR spec-
troscopy analysis have revealed a strong electrostatic interaction be-
tween O and Sn>* (HO—C = O—Sn2+) [45]. Electrostatic interaction
between the O~ donor from the CH30™ a group of 4-methoxyphenylace-
tic acid and anisole with PVK has also been observed, suggesting the
interaction of the O-donor with the uncoordinated Pb?" in PVK octa-
hedra, as investigated by Zhou et al. [46]. Theoretical investigations also
suggest that the most favorable interaction of the CH30™ a group of
methoxybenzene is with the uncoordinated Pb?* in Pb halide octahedra.
Based on the evidence from our NMR analysis and previous reports [40],
we speculate that the chemical shift in MeO-2PACz-Snl; originates from
the chemical interaction between O-donor (CH30 ™ terminal group) and
Sn halide octahedra. Sn-PVK, having a higher defect density than
Pb-PVK, generates several undercoordinated Sn ions during the fabri-
cation process. From our observation (Fig. 3(c)), the chemical shift in
3¢ NMR (CH307) suggests that the O-donor of the MeO-2PACz terminal
group combines with undercoordinated Sn ions, thereby helping to
suppress the defect density of PVK in the HTL/MeO-2PACz/PVK archi-
tecture. These observations are consistent well with the reduction in
defect density confirmed by the device characterizations described
above.

The charge transfer dynamics at the CTL/PVK interface play a critical
role in achieving high performance in PSCs. Several pioneering studies
have been conducted to determine the charge extraction processes at
HTL/PVK and ETL/PVK interfaces [47-49]. To identify the difference in
hole selectivity in HTL/PVK without and with SAM interlayer, we
further carried out a study on charge transfer dynamics using
steady-state photoluminescence (SS-PL), and femtosecond-transient
absorption spectroscopy (fs-TAS). The SS-PL measurement was per-
formed using an excitation wavelength of 470 nm (Fig. S17), compared
to the reference glass/PVK film.

The emission peak at 747 nm (PVK) corresponds to PEA( 15FA 75.
MAg.10SnloBr as reported in our previous work [6]. However, we
observed an additional signal at 785 nm in the reference PVK film,
which could be attributed to phase segregation in mixed halide PVK
[50]. Phase segregation leads to the generation of local bromine and
iodine-rich phases, with the iodine-rich phase primarily responsible for
hole accumulation. Nevertheless, the phase segregation in mixed halide
PVKs can be suppressed by interfacing PVKs with charge extraction
layers [51], suggesting that PVK films with charge extraction layers
experienced almost no PL spectral signal from the segregated phase. In
Fig. S17, the PL quenching for HTL/MeO-2PACz/PVK film is compa-
rably higher than that of HTL/PVK and HTL/2PACz/PVK films. PL
quenching efficiency (PLQE) was determined using the following
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equation: PLQE (%) :{I"I—O’I} x100, where I represents the PL peak in-
tensity of PVK, and I stands for emission intensity from HTL/PVK or
HTL/SAM/PVK films [52]. The PLQE extracted for
HTL/MeO-2PACz/PVK (approx. 47%) is higher compared to HTL/PVK
(approx. 32%) and HTL/2PACz/PVK (approx. 35%), suggesting better
hole extraction in HTL/MeO-2PACz/PVK sample.

To further elucidate the origins behind the enhanced performance in
HTL/MeO-2PACz/PVK PSC, we conducted fs-TAS measurements to
analyze the charge carrier dynamics in HTL/PVK, HTL/2PACz/PVK, and
HTL/MeO-2PACz/PVK films. Fig. 4(a—c) presents the fs-TAS results
obtained using a photoexcitation wavelength (Ayymp) of 650 nm and a
pump fluence of 10 pJ-cm ™2, with different time delays ranging from 1
to 1000 ps. The measurements were taken within the wavelength range
of 500 to 800 nm. The fs-TAS results (Fig. 4(a—c)) exhibited three
distinct features. The prominent ground state bleach (GSB) signal
observed in the wavelength range of 700-750 nm was identified as
photoinduced transient bleach 1 (PIB1), which corresponds to the
bandgap (Eg) of PVK (Figure S18). This signal originates from band-to-
band transitions between the valance and conduction bands at lower
energies. The weak signals observed in the wavelength range of
570-620 nm are assigned as the PIB2 region, which corresponds to
transitions involving higher energy states. Additionally, a minor feature
in the wavelength range of 630-670 nm corresponded to photo-induced
transient absorption (PIA) [53-55]. Since fs-TAS measurements consist
of multiple components, where PIB2 and PIA bands (Fig. 4(a—c))
disappear with increasing delay time, we focused on the PIB1 band for
further analysis. As a function of optical delay time, the PIB1 signal at 1
ps was centered at 722 nm in all the films. In HTL/PVK, the PIB1 band
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exhibited a redshift to 724 nm at 100 ps, followed by further shifts to
726 nm (500 ps) and 728 nm (1000 ps). In HTL/2PACz/PVK film, the
PIB1 band shifted from 722 nm (1 ps) to 725 nm (100 ps), with an
additional redshift of 2 nm observed at 500 ps and 1000 ps. Interest-
ingly, in HTL/MeO-2PACz/PVK film, the PIB1 band shift remained from
722 nm (1 ps) to 727 nm (100 ps) and remained constant throughout the
delay time range of 100 ps to 1000 ps.

The early-stage band shift observed may correlate to E; renormali-
zation. Upon photoexcitation, the presence of free charge carriers tends
to renormalize the Eg, resulting in a shift of the density of states. During
this process, the generated hot charge carriers occupy new energy states
below the band edge, leading to transient absorption (TA) and the
appearance of PIA signals, which can be attributed to new transitions
[56,57]. Furthermore, the observed peak shift at different delay times in
HTL/PVK could be attributed to interfacial defect density states [58].
However, the insertion of MeO-2PACz at the HTL/PVK interface reduces
the formation of defect states as mentioned earlier.

The relaxation kinetics of photoinduced transient bleach were pro-
bed at 725 nm for different excitation pump fluences ranging from 1 to
10 pJ-cm™2. The corresponding lifetime decay extracted from the tri-
exponentially fitted data is shown in Fig. 4(d-f) using the following
equation: y = yo + A1 exp(—x/71) + Az exp(—x/72) + Az exp(—x/t3), and
the obtained decay parameters are provided in Table S3. At pump flu-
ences of 1, 5, and 10 pJ~cm’2, the fast component designated as (t1)
exhibited decay times of 134 ps, 73 ps, and 26 ps for HTL/PVK, 104 ps,
56 ps and 22 ps for HTL/2PACz/PVK, 70 ps, 54 ps, and 19 ps for HTL/
MeO-2PACz/PVK film. These values indicate a considerably faster decay
for the HTL/2PACz/PVK system, which becomes even quicker in the
case of the HTL/MeO-2PACz/PVK film. The fast component (t1)
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Fig. 4. Femtosecond-TAS (a-c) AOD as a function of wavelength at various time delays using a photoexcitation wavelength of 650 nm and a pump fluence of 10
wJ-cm~2, (d-f) Transient band edge bleach decay kinetics (probed at 725 nm) and corresponding tri-exponential fitting curves for HTL/PVK, HTL/2PACz/PVK, and

HTL/MeO-2PACz/PVK, respectively, at different pump fluences of 107! pJ-cm~2,
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corresponds to carrier trapping processes at the HTL/PVK interface, and
the observed faster trap filling at the interface by employing MeO-2PACz
as a SAM interlayer suggests large quasi-fermi-level splitting and is
accountable for V,. enhancement [59]. The T3 component in the fs-TAS
decay dynamics corresponds to the hole transport rate in the HTL/PVK
system. The extracted t5 component (Table S3) at different pump flu-
ences are 412 ps (8%), 319 ps (32%), and 158 ps (42%) for HTL/PVK,
260 ps (22%), 195 ps (48%), and 144 ps (46%) for HTL/2PACz/PVK,
and 221 ps (20%), 147 ps (43%), and 125 ps (48%) for
HTL/MeO-2PACz/PVK film. The fast decay observed for 1o in the
HTL/MeO-2PACz/PVK structure suggests an improved hole transport
process, which aligns well with the UPS and PLQE results as discussed
earlier. Moreover, at the HTL/PVK interface, the hole injection rate
improved due to a slight increase in the WF. Organic molecules or SAMs
with a permanent dipole moment can effectively tune the WF, thereby
enhancing the hole extraction process [60-62]. Additionally, the
long-lived component t3 is associated with exciton recombination
within the bulk of PVK and at the grain boundaries [50]. Since our focus
was on observing hole carrier dynamics, we performed fs-TAS mea-
surements, and the exciton recombination decay kinetics, which occur
in the ps-ns range, are beyond the detection limits of fs-TAS.

Based on the above findings, the plausible schematic representation
is depicted in Fig. 5. Bulk defects that are clearly visible HTL/PVK film
might originate from the highly acidic character and hydrophilicity of
PEDOT:PSS. This may hamper Sn-PVK film as observed through TAS
analysis where shifts in the density of states are visible at different delay
times. This might be originating from the formation of new sub-band
states and resulted in the renormalization of the bandgap. Moreover, a
slight reduction in the trap density states was observed in HTL/2PACz/
PVK. It is speculated that the buried interface chemically interacts with
the beneath PEDOT:PSS layer and suppresses direct contact of PEDOT:
PSS with PVK. Based on the observations in the present study, we
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analyzed that MeO-2PACz at the buried interface interacts with PEDOT:
PSS through the anchoring of the phosphonic group, and the methoxy
terminal group chemically interacts with Sn-PVK, thereby controlling
the bulk defect states in PVK. The SS-PL analysis shows PL quenching
efficiency increases in HTL/MeO-2PACz/PVK as compared to the rest of
the cases which is further testified through the TAS analysis in which the
photoinduced transient bleach shows constant band states after initial
renormalization, which appears due to the passivation of defects in
HTL/MeO-2PACz/PVK. In addition, we speculate that the chemical in-
teractions of the SAM interlayer with PEDOT:PSS lead to a slight
improvement in the work function. Through the TAS and UPS study, we
predict that HTL/MeO-2PACz/PVK has comparatively improved work
function with better hole transport rate (TAS) as shown in the band
energy diagram in Fig. 5(b). These factors collectively contribute to the
improved V. in the HTL/MeO-2PACz/PVK device. To demonstrate the
impact of the SAM interlayer on device stability and validate the ob-
servations, stability testing was conducted for each device (Fig. 5 (c, d)).
In Fig. 5(c), the stability tests revealed that the HTL/MeO-2PACz/PVK
device retained nearly 100% of its initial PCE after 2000 hrs under Ny
atmospheric conditions. In contrast, the HTL/2PACz/PVK and HTL/PVK
devices retained only 80% and 60% of their original PCE, respectively.
Subsequently, aging tests were performed under ambient air conditions
(Fig. 5(d)), and the HTL/MeO-2PACz/PVK device exhibited better sta-
bility by maintaining 92.6% of initial PCE. Figure S19 provides moni-
tored images of the HTL/PVK, HTL/2PACz/PVK, and HTL/MeO-2PACz/
PVK films at different time intervals. Based on the detailed analysis, it
can be concluded that the insertion of MeO-2PACz SAM, with anchoring
and terminal groups, promotes greater compactness at the HTL/Sn-PVK
interface. This compactness also contributes to the reduction of defects
within the bulk of the PVK layer. As a result, the various benefits ob-
tained from the MeO-2PACz interlayer collectively enhance device
performance and stability. These findings suggest a promising avenue
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Fig. 5. Interfacial engineering: (a) Self-assembled monolayer (SAM) between PEDOT:PSS (HTL)-Perovskite (PVK) layer, anchoring group interaction with PEDOT:
PSS and terminal group (methoxy) of MeO-2PACz interaction with perovskite helps in perovskite defect passivation. (b) Change in work function and energy band
alignment of PEDOT:PSS/PVK, PEDOT:PSS/2PACz/PVK, and PEDOT:PSS/MeO-2PACz/PVK. Long-term stability tests of WBG Sn-PSCs with various interfacial SAM
treatments under (c) N, atmospheric condition for > 2000 h, (d) ambient air (i.e., under 25 °C, R.H. of 30-50%) for 300 h without encapsulation.
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for interfacial engineering in the further developments of WBG Sn-PSCs
and future Pb-free all-PVK tandem cells.

3. Conclusion

In summary, the utilization of MeO-2PACz SAM with anchoring and
terminal groups at PEDOT:PSS HTL/Sn-PVK interface offers significant
advantages over 2PACz. This approach led to the accomplishment of a
record PCE of 12.16% (with a certified PCE of 11.60%) in WBG (>1.65
eV) Sn-PSC to date. Chemical analysis revealed that the interaction be-
tween P-O~ of 2PACz/MeO-2PACz (deprotonation of the phosphonic
acid group) and S* (PEDOT: PSS) at PEDOT:PSS/SAM interface led to an
improved work function. NMR spectroscopy demonstrated that the
interaction between the terminal methoxy O~ donor (MeO-2PACz) and
the Sn octahedral (perovskite) at the SAM/PVK interface significantly
reduced trap densities. Moreover, the PIB bands observed in fs-TAS
exhibited negligible band shift (HTL/MeO-2PACz/PVK) within a delay
time range of 100-1000 ps, indicating an enhancement in V.. The
higher PLQE of 47% for HTL/MeO-2PACz/PVK and the reduced relax-
ation kinetics of 71 from 26 ps (HTL/PVK) to 19 ps for HTL/MeO-2PACz/
PVK suggests rapid trap filling at the interface. Additionally, the Ty
component, which represents hole extraction, decreased from 158 ps
(HTL/PVK) to 125 ps for HTL/MeO-2PACz/PVK, indicating improved
hole extraction efficiency. Interfacial engineering with MeO-2PACz
successfully increased the film crystallinity of the PVK layer with the
preferred orientation. These findings strongly suggest that interfacial
engineering with MeO-2PACz in WBG Sn-PSCs can effectively passivate
PVK defects, enhance hole transport characteristics, and improve device
stability. This study provides crucial insights into controlling the HTL/
Sn-PVK interface using SAMs for the development of high-efficiency,
lead-free single-junction, and future tandem solar cells.

4. Experimental section
4.1. Materials

Indium tin oxide (ITO)-coated glass substrates (AMG, 10 Q sq’l),
acetone (~99%) and isopropanol (IPA, ~ 99.5%) (For substrate cleaning
and IPA as SAM solvent), DMF (99.5%), DMSO (99.8%) (perovskite
precursor solvents), Toluene (99.8%) (antisolvent), Dichlorobenzene
(99.0%) purchased from Samchun Chemical and chlorobenzene (99% -
GR grade, Wako) were used as ETL solvents. Precursor salts i.e., For-
mamidinium bromide (FABr), Methylammonium bromide (MABr),
Phenylethyl ammonium bromide (PEABr) purchased from great-
cellsolar, Tin (II) Iodide (Snls, Alfa Aesar) and Tin (II) fluoride (SnFo,
sigma-aldrich) used without further purification. PEDOT: PSS procured
from Heraeus, Germany used as HTL, [2-(9H-carbazol-9-yl)ethyl]
phosphonic acid (2PACz) and [2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethyl] phosphonic acid (MeO-2PACz) (self-assembled monolayers pro-
cured from TCI), Phenyl-C61-butyric acid methyl ester (PCBM, 99.5%,
Organic Semiconductor Materials, Republic of Korea) and Bathocuproin
(BCP, 99.9%, Alfa Aesar) were used as electron transport layers (ETL).
Perovskite (PEA( 15FA( 75sMA.10SnlyBr (PVK)) precursor solution prep-
aration is the same as reported in our previous research article [6].

PEA(.15FA(.75MA(.10Snl2Br perovskite solution was prepared by first
dissolving PEABr (30.3 mg), Snl, (372.52 mg), SnFs (15.67 mg), FABr
(93.7 mg), Sn (sufficient amount), MABr (11.2 mg) in DMF: DMSO (4:1).
Perovskite precursor solution stirred at 60 °C for 2 h 30 min inside Ny
filled glove box (GB). 2PACz and MeO-2PACz SAM solutions were pre-
pared in IPA with a molar concentration of 0.40 mg mL~!. PCBM solu-
tion was prepared with 20 mg mL™! in mixed solvent chlorobenzene:
dichlorobenzene in 1:1 ratio and kept for overnight stirring at room
temperature (RT).
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4.2. Perovskite solar cell fabrication procedure

ITO-substrates cleaned with acetone in the ultrasonic bath for 15 min
followed by cleaning substrates in IPA. Substrates were dried in oven for
10 min at 95 °C to evaporate solvents. Cleaned ITO substrates were UV-
Ozone treated for 20 min. At initial step PEDOT: PSS (HTL) coated on
substrates at 5000 rpm for 30 s in ambient atmospheric conditions and
annealed at 150 °C (20 min) on hotplate. For HTL/2PACz/PVK and
HTL/MeO-2PACz/PVK PSC fabrication additional step needs to be fol-
lowed before perovskite coating on top of HTL. In which 80 uL 2PACz or
MeO-2PACz (solution in IPA) coated over PEDOT:PSS through dynamic
coating spined at 3000 rpm for 30 s. further substrates get heated at
100 °C for 10 min. Washing out excess SAM molecules is essential for
efficient devices hence HTL/SAM coated substrates washed with 80 pL
IPA (dynamic coating) and heated for 1 min to remove any traces of
solvent. Later, HTL/SAM coated substrates transferred inside a Ny filled
glove box prior perovskite coating. The perovskite films prepared by
spin coating filtered perovskite precursor solution at 8000 rpm for 30 s,
followed with antisolvent dripping (200 pL Toluene) at 10th sec on
perovskite film. These perovskite films further annealed at 70 °C for 10
min on hot plate for perovskite crystallization. In next step electron
transport layer (ETL) PCBM spin-coated onto the perovskite film at
1500 rpm for 30 s and annealed at 70 °C for 10 min, followed with BCP
solution coating with 0.5 mg mL ™! in IPA solution coated dynamically
over PCBM layer at 6000 rpm for 30 s annealed for 5 mins at 70 °C on hot
plate. Silver electrodes deposited through thermal evaporator under a
high vacuum condition (~ 3 x 107° Torr).

4.3. Characterizations

The short current density-open circuit voltage (Js.-Voc) characteristic
curves of p-i-n wide bandgap Sn perovskite solar cells were measured
through solar simulator (PEC-L01, Peccell Technologies) under standard
air mass (AM) 1.5 illumination (1000 W/m? light intensity) in ambient
atmospheric conditions with the scan rate of 250 mV/s (effective cell
area 0.04 cm2).

EQE measurement was carried out using a power source (Abet
Technologies 150 W xenon lamp, 13,014) with monochromator
(DongWoo Optron, MonoRa500i) assembled with Compact Stat instru-
ment (Ivium Technologies; Eindhoven, The Netherlands). EIS study was
performed by applying 0.65 V under dark conditions at same instrument
in the frequency ranges of 2 MHz to 100 Hz. Notably, all device char-
acterization was carried out in ambient atmospheric conditions (i. e.,
under 25 °C, R.H. of 30-50 %). TPV and TPC measurements were carried
out with an organic semiconductor parameter system (T400, Mcscience)
comprising of a Tektronix oscilloscope (DPO-2014B) 100 MHz band-
width. Carrier lifetime and extraction time calculated through biexpo-
nentially fitting the data applying following equation.

Ve or Jie = Al exp(—t / 71) + A2 exp(—t / 12) @

C-V (M-S curve) response of PSCs to evaluate the trap density. Fre-
quency of 1000 Hz and AC voltage of 0.01 V were filled in the initial and
final conditions. Then the applied direct current (DC) voltage was set in
the range from —0.2 to 1.0 V (forward bias) with 25 mV steps and de-
vices were measured under dark conditions.

Perovskite crystallinity preferential orientation and phase purity was
detected through XRD, D8-Advance, Bruker-AXS diffracted beam
monochromator was equipped in the X-ray diffractometer (Cu K, radi-
ation, A = 1.541 f\) and 2D GIWAXS. 2D GIWAXS measurements was
carried out at 9A U-SAXS beamline (Pohang Accelerator Laboratory in
Korea). Patterns were recorded with a 2D charge coupled detector
(MX170-HS, Rayonix Ltd.), where X-ray wavelength and sample-to-
detector (SDD) were fixed to 0.626 A and 221 mm. Diffraction angle
was calibrated with pre-calibrated sucrose (Monoclinic, P21, a =
10.8631 A, b = 8.7044 A, ¢ = 7.7624 A and p = 102.938°). Film
morphology was observed by FE-SEM; SIGMA, Carl Zeiss. XPS and UPS
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(XPS-Theta Probe) measurement was conducted using K-Alpha™ system
(Thermo Fisher Scientific) with monochromatic Al Ka X-ray radiation
(1486.6 eV). The work function (¢) was calculated through UPS data.

The steady-state fluorescence spectra were recorded using a Hitachi
F-7000 fluorescence spectrophotometer. fs-TAS and decays were recor-
ded using a homemade TA spectrometer combined with a femtosecond
Ti:sapphire regenerative amplifier system (Hurricane, Spectra Physics).
A pump pulse at 650 nm with a power density of 1~10 uJ/cm? was
produced using an optical parametric amplifier (IR-OPA, Spectra Phys-
ics) and a neutral density filter, while a broadband white-light contin-
uum probe pulse was generated by focusing a small portion of the 800
nm amplifier output into a sapphire window. TA signals in respective
optical delays of pump and probe pulses were collected using an optical
fiber coupled with multichannel spectrometers from Ocean Insight
(Ocean FX). More details on this system were noted in the previous
publication [63,64].

NMR measurement details: 3C NMR spectra of the 2PACz,
2PACz-Snly, MeO-2PACz and MeO-2PACz-Snl, samples were recorded
by using a 600 MHz Varian NMR spectrometer (VNS-600, Agilent, Palo
Alto, CA, USA). The samples were dispersed in DMSO-d6 solvent (con-
centration = 1 mL) and filled into the NMR tube for measurement.
2PACz (30 mg/ml), 2PACz-Snl, (2PACz: Snl; = 30 mg/ml: 30 mg/ml),
MeO-2PACz (30 mg/ml), MeO-2PACz-Snly (MeO-2PACz: Snl, = 30 mg/
ml: 30 mg/ml).
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Comparative analysis data and tables: PSCs statistical data, EQE,
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