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In this work, we functionalized the ITO substrates with a series of self-assembled monolayer (SAM) molecules to
improve the hole extraction ability of the electrodes and retard the charge recombination with the devices in an
inverted planar p-i-n configuration. Organic molecules with simple structures, namely 4-aminobenzoic acid (AB),
4-(2-aminomethyl)benzoic acid (AM), 4-(2-aminoethyl)benzoic acid (AE), and 4-nitrobenzoic acid (NB) were
chosen to functionalize the ITO substrates via simple immersion method to form hole-selective SAM on ITO. The
TPSCs were fabricated according to a two-step sequential deposition approach using a co-solvent system, and the
AB device was found to exhibit an attractive efficiency of power conversion (PCE) of 7.6 % while the other SAM-
based devices showed poorer performance. The AB device also displayed impressive long-term storage stability
by maintaining about 80 % of its initial efficiency for over 3500 h without encapsulation, in addition to a long-
term (6 h) light-soaking stability, which is superior to the PEDOT: PSS-based device in ambient conditions. The
SAM/perovskite interfacial characteristics were studied using UPS, EIS, and TCSPC to understand the energy
levels, charge recombination, and hole-extraction nature, respectively, and to support the outstanding perfor-

mance and stability of the AB device.

1. Introduction

Tin-based perovskites have been considered a promising environ-
mentally benign sustainable alternative against lead-based analogs for
photovoltaic applications [1-3]. Although recent growth in tin-based
perovskite solar cells (TPSCs) has been impressive with the device
power conversion efficiency (PCE) approaching 15 % [4], the high-
performance TPSCs exclusively used the hydrophilic poly(3,4-
ethylenedioxylenethiophene): poly(styrene sulfonic acid) (PEDOT:
PSS) as a hole-transport material (HTM), which could degrade the de-
vice performance quickly, especially under long-term illumination.
Thus, looking for stable non-PEDOT: PSS HTMs as alternatives is a good
option to enhance the stability and performance of the TPSC devices
[5-7]. We have recently demonstrated that PEDOT: PSS can be replaced
by the hydrophobic poly-triaryl-amine (PTAA) via surface treatment
through phenethyl ammonium iodide (PEAI) to obtain a remarkable PCE
of 8.3 % [8]. This replacement was made possible by fabricating the
devices according to the two-step sequential deposition technique
developed previously to form a smooth tin perovskite layer with
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controlled crystallization kinetics [9]. In addition to PTAA as HTM, a
new set of pyrrolopyrrole-based (PPr) polymers [10] and triphenyl-
amine (TPA-) functionalized isomeric polythiophenes [11] were suc-
cessfully designed and synthesized to serve as HTMs for TPSCs to attain a
PCEs of 7.6 % and 8.6 %, respectively, with remarkable long-term
enduring stabilities over 6000 and 4000 h, respectively, which opens a
new door toward device performance optimization through interfacial
engineering [12,13].

Facile self-assembly of organic monolayers (SAMs) functionalized on
the surface of transparent ITO substrates are considered an effective
approach to modify the surface properties of the electrodes [14-16]. The
promising attributes of SAMs have been discussed in detail [17], which
has inspired the recent research progress in TPSCs using SAMs as hole-
selective interlayers. By tailoring the ITO surface states via simple
thermal annealing [18,19], MeO-2PACz was allowed to anchor on ITO
and modify the surface functionality leading to enhanced charge
extraction, and improved carrier recombination kinetics when TPSCs
were fabricated by employing the two-step fabrication approach [20].
Although, the devices yielded a moderate PCE of 6.5 %, the role of the
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tunable surface functionalities of the ITO electrodes was revealed from
that study, and it was the first example of applying SAM as a hole-
selective interlayer for TPSCs [20]. Later, X-shaped quinoxaline-based
p-type organic dyes with n-extended thiophene conjugated units were
synthesized to match the energy levels of tin perovskites, and to serve as
hole-selective SAM for TPSCs to attain a PCE of 8.3 % [21], which is a
new milestone in TPSC research using SAM to replace the commonly
employed polymeric HTMs.

The design of a SAM system for an inverted TPSC has three re-
quirements. First, an electron-withdrawing group (acceptor) as an an-
chor to attach to the ITO surface [22,23]. Second, the electron-donating
group (donor) to interact with the tin-perovskite layer [24]. Third, a
linker to connect between the donor and acceptor groups [25]. For this
reason, a simple donor-acceptor system as SAM for TPSC was designed
in the present study. The idea was to introduce the carboxyl group
(—COOH) as an acceptor and the amino group (-NHj) as a donor with
benzene or its derivative as a linker between donor and acceptor. As a
result, four SAM molecules in this series, namely 4-aminobenzoic acid
(AB), 4-(2-aminomethyl)benzoic acid (AM), 4-(2-aminoethyl)benzoic
acid (AE), and nitrobenzoic acid (NB) with the chemical structures
shown in Fig. 1, were designed. The AB and NB molecules have the
n-conjugated structures with the donor-n-acceptor and acceptor-
n-acceptor configurations, respectively; the AM and AE molecules were
designed according to AB, but with extended methyl and ethyl groups
between the phenyl ring and the amino group, respectively. The
carboxyl group-based molecules are selected herein rather than the
usual phosphonic acid (-PO(OH)) groups to anchor on the surface of
ITO due to the higher reactivity of the former with preferred adsorption
on ITO surfaces [22]. In addition, the highly polarized nature of the
carbonyl group, as compared to the phosphonic acid groups, allow them
to readily form strong covalent bonds with the substrate, thereby
providing a stable attachment, while the smaller footprints of the
carboxyl groups enable greater surface coverage, denser molecular
packing with reduced defects and improved monolayer integrity,
thereby providing favorable interfacial characteristics [21,26]. These
SAM molecules were dip-coated on the ITO substrates to fabricate TPSC
devices in the inverted planar p-i-n configuration according to a two-
step approach [9]. Among all the SAM-based devices, the AB device
displayed an attractive PCE of 7.6 % (Table 1) with an impressive long-
term storage stability by retaining over 80 % of the initial PCE for over
3500 h. Further, the AB device is shown to exhibit a better light-soaking
stability than the conventional PEDOT: PSS-based device when both the
unencapsulated devices were exposed under one-sun irradiation for 6 h
in ambient conditions. To understand why the AB device has the best
performance and stability, the electrochemical impedance spectral
(EIS), time-correlated single-photon-counting (TCSPC), and X-ray
photoelectron spectral (XPS) studies of all samples were carried out for

comparison.
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Table 1
Photovoltaic parameters of the best-performing devices corresponding to
Fig. 4c.

Device Integrated Jsc Jsc Voc FF PCE

/mA cm 2 A% /%
AB 19.78 19.92 0.534 0.719 7.6
AM 17.89 17.83 0.530 0.561 5.3
AE 15.75 15.46 0.522 0.641 5.2
NB 13.83 13.96 0.532 0.610 4.5

2. Results and discussion

A simple substrate immersion methodology was applied to deposit
the SAM molecules on the surfaces of the ITO glass substrates. By virtue
of self-assembly, chemical adsorption of the molecular anchoring groups
onto the substrate occurs slowly with appropriate orientation adjust-
ment of the molecular chains giving rise to uniform monolayer forma-
tion with good coverage and strong adherence, rendering the immersion
method attractive for robust SAM formation, in contrast to spin-coating
which typically gives rise to unstable, non-uniform multilayered phys-
iosorbed films [27,28]. Based on our previous work [20], prior to
soaking the substrates in the SAM solution, we annealed the ITO sub-
strates at 400 °C for 30 min under oxygen atmosphere to modify the
surface states and to allow a uniform SAM growth with complete
coverage (detailed experimental procedure is given in the supporting
information). The functionalized ITO electrodes are named as ITO/AB,
ITO/AM, ITO/AE and ITO/NB for the respective SAM molecules, and the
eventually formed perovskite (PSK) films on the ITO/SAM electrodes are
denoted as AB/PSK, AM/PSK, AE/PSK, and NB/PSK, respectively.

The surface wettability of the SAM-functionalized ITO substrates was
evaluated using contact angle measurement to test the compatibility of
the functionalization process to facilitate an interaction with the
perovskite precursor solution. We dropped Snl,/DMSO precursor solu-
tion on the ITO/SAM substrates and observed a slightly increasing trend
in the contact angles (Fig. 2a-d). The smooth spread of the precursor
solution associated with the lower contact angle, as in the case of ITO/
AB (~6.52°), is highly desired to form a uniform perovskite layer [12].
Whereas, the contact angle of ITO/NB (~12.85°) was double that found
in the NHy-counterpart possibly due to the weaker hydrogen bonding
ability of the -NO5 group with the precursor solution [29]. Despite
possessing almost identical surface morphology and similar roughness
estimated using AFM (Fig. S1), the altered surface reactivity of the
electrodes with the perovskite precursor led to pronounced changes in
the formed perovskite grains. The SEM image of AB/PSK (Fig. 2e) shows
large, uniform, and densely packed grains with minimal surface defects,
indicative of possible regulation in perovskite nucleation and crystalli-
zation kinetics. In contrast, the AM/PSK (Fig. 2f) and AE/PSK (Fig. 2g)

E ~NH, NO,

COOH COOH
4-Nitrobenzoic acid
(AE) (NB)

Fig. 1. Chemical structures of the SAM molecules used in this study.
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Fig. 2. Contact angles measured on (a) ITO/AB, (b) ITO/AM, (c) ITO/AE, and (d) ITO/NB substrates using Snl,/DMSO precursor solution; SEM surface morphologies
(e-h), and AFM roughness profiles (i-1) probed from the perovskite samples prepared over the functionalized electrodes (AB/PSK, AM/PSK, AE/PSK, and NB/PSK,

respectively).

display considerable inhomogeneity in the grain size distribution as
compared to that of AB/PSK. This could be due to the slight attenuation
in the interaction brought about by both AM and AE between the ITO
and the perovskite due to the extended chain lengths, which aligns well
with the gradually increasing trend in the contact angle measurement
(Fig. 2a-c). On the other hand, NB/PSK has the poorest surface
morphology among all the samples with defective grains and inhomo-
geneous size distribution (Fig. 2h). The XRD patterns acquired from the
SAM/PSK samples are shown in Fig. S2. The characteristic diffraction
peaks associated with FASnIs-based perovskites are accounted for (with
the exposed facets marked), along with those of the ITO glass substrate
(marked as #) [30]. The diffraction peak associated with the plane
(100) of AB-, AM-, and AE-based perovskite samples are almost as
intense as the ITO diffraction peak at ~ 36°, implying not only good
surface coverage and thickness of the perovskite layer, but also its high
crystallinity. Particularly, the AB/PSK sample has the sharpest (100)
peak (FWHM ~ 0.139°, Table S1), while that of NB/PSK has a relatively
broader peak (FWHM ~ 0.196°, Table S1) among all the samples. This
suggests that the samples featuring -NHy-based SAMs leads to larger
grain formation with superior surface morphology as seen in Fig. 2e-g. It
is concluded that the -NH; functional group functioned as nucleation
sites and ensured controlled crystallization with well-regulated growth
of perovskite crystal, that is lacking in the -NOz-counterpart which leads
to the defective perovskite formation as seen in Fig. 2h. In addition, the
relative intensity between the (100) and (200) facets in AB/PSK
maintains a 2:1 ratio implying a highly preferred orientation with uni-
form crystallization which leads to enriched optical properties. The
surface topographies of the formed perovskite layers were probed using
AFM (Fig. 2i-1), and the features correlate with the contact angle and
SEM measurements with significantly smoother surface characteristics
in AB/PSK than in the others. Furthermore, the SEM cross-sectional
images of the SAM/PSK samples (Fig. S3) confirm the smoother uni-
form coating of perovskite layer on ITO/AB substrate with thicker films
for the NH,-based SAMs than for the NOs-based film, arising from the

differences in the nucleation and crystallization kinetics of the perov-
skite on different ITO/SAM substrates consistent with the XRD mea-
surements. Moreover, this defective perovskite layer formation of the
NB/PSK sample could be the result of weaker interaction between the
—NO, group of NB and Sn?* ions of perovskite, which led to its film
roughness with an rms of 41.9 nm that is much greater than that of the
AB/PSK film (rms ~ 27.2 nm) [31].

The presence of the functional groups on the ITO surface was
confirmed through X-ray photoelectron spectroscopy (XPS), with the
spectra from ITO/AB possessing —-NH, signal (~399 eV), and that of
ITO/NB having -NOg, signal (~406 eV), implying successful function-
alization of SAMs on the ITO surface (Fig. S4) [32]. The Sn 3d XPS
spectra of the perovskite samples are shown in Fig. 3. They were
deconvoluted to obtain the relative proportions of Sn?* and Sn**; the
corresponding results are tabulated in Table S2. Accordingly, AB/PSK
(Fig. 3a) possessed a highest Sn%*/sn** ratio (90.7/9.3), while the NB/
PSK (Fig. 3d) possessed the lowest Sn?*/Sn*" ratio (74.7/25.3), with the
AM/PSK (81.2/18.8, Fig. 3b) and AE/PSK (80.6/19.4, Fig. 3c) samples
containing greater Sn>* amounts than that of NB/PSK. The perovskite
samples studied in this work include EDAI, as a co-additive whose role is
to passivate the defective surface [30], and hence a high Sn?*/Sn** ratio
in AB/PSK is reasonable. Furthermore, the presence of -NH, group at
the electrode/perovskite interface provides a reducible environment for
perovskite [33], thereby ensuring a high Sn*/sn*" ratio. The Sn?*/
Sn** ratio in ITO/PSK was estimated to be 75.5/24.5 from Fig. 3e, which
is slightly higher than that found in NB/PSK, while significantly lower
than the samples featuring -NH,-functionalized electrodes. This affirms
the fact that the presence of -NH; at the electrode/perovskite interface
provides a reducible environment to the tin-based perovskite. Whereas,
the lower Sn?* concentration in NB/PSK can be associated with the high
electronegativity of the -NOy group at the electrode/perovskite inter-
face which withdraws electrons from the perovskite, leaving holes to
accelerate the Sn" oxidation. This also emphasizes the importance of
strong electrode/perovskite interaction with the appropriate interlayers
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Fig. 3. High-resolution XPS spectra (Sn 3d) from the surface of perovskite samples (a) AB/PSK, (b) AM/PSK, (c) AE/PSK, (d) NB/PSK, and (e) ITO/PSK.

to overcome the chemical instabilities and defects for TPSCs fabricated
without HTMs.

The UV-visible absorption spectra of the SAM solutions (Fig. S5a)
show a red spectral shift for AB as compared to NB because of higher n-n
electronic conjugation for the former than for the latter. While, for the
methyl (AM-) and the ethyl (AE-) substituents, the n-conjugation breaks
down leading to a blue spectral shift. In addition, the SAM-
functionalized electrodes display broader transmittance than the bare
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ITO substrate (Fig. S5b) with the transmittance extending to the near-IR
region, which makes them more suitable for TPSC devices with narrow
band gap. This broadband transmittance results from the modified ox-
ygen vacancies of ITO after the thermal treatment prior to the SAM
formation [20]. The absorption spectra of the SAM/PSK samples show
similar band edge positions (Fig. S6a), and the steady-state PL spectra
(Fig. S6b) were used to estimate the band gaps of the perovskite samples.
The PL peak maxima correspond to a band gap of ~ 1.43 eV for all the
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Fig. 4. (a) Device structure, (b) energy-level diagram, (c) J-V characteristics, (d) IPCE spectra, (e) EIS Nyquist plots and (f) long-term shelf-stability under dark for

the devices made of AB, AM, AE and NB as indicated.
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samples, agreeing with that of FASnls-based perovskite reported in the
literature [34]. To test the energy alignment between the perovskite and
the electrodes, ultra-violet photoelectron spectroscopy (UPS) was
employed. Fig. S7 shows the UPS spectra recorded from the SAM-
functionalized ITO electrodes. While the bare ITO glass is reported to
have a work function of 4.7 eV [35], it slightly changes to ~ 4.8 eV for
ITO/AB and ITO/NB, and remains unchanged for ITO/AM and ITO/AE.
The surface properties of the functionalized substrates lead to the
modulation in the valence band maximum (VBM) of the coated perov-
skite samples. Consequently, the VBM values of AB/PSK and NB/PSK
were estimated to be —5.0 eV, while they were found to be —5.1 eV for
AM/PSK and AE/PSK (Fig. S8), both are slightly deeper when compared
to the previous reports [36,37]. Based on the calculated band gaps and
the estimated VBM, we expect well-aligned energy levels for the
different layers constituting a TPSC as shown in Fig. 4a.

We fabricated devices in the inverted planar p-i-n configuration
(Fig. 4b) using the SAM-functionalized ITO electrodes to overcome the
undesired charge transport and recombination routes [38] by employing
the two-step fabrication method as reported elsewhere [9]. The J-V
characteristic curves recorded from the best cells under one-sun AM
1.5G illumination is shown in Fig. 4c. As a result, the AB device dis-
played an outstanding device performance with a Jsc of 19.92 mA cm ™2,
Voc of 0.534 V, FF of 0.719, and PCE of 7.6 %. For the AB derivatives,
AM and AE with additional alkyl chains to make the molecules more
flexible than AB, a PCE of 5.3 % (AM) and 5.2 % (AE) were obtained. For
the accepter-n-acceptor SAM, NB, despite having an energy alignment
identical to that of the AB device, much poorer PCE (4.5 %) was ob-
tained due to the much lower Jsc (~13.96 mA cm™2) for the NB device
than for the AB device. All the SAM-based devices performed better in
comparison to the device fabricated using bare ITO electrode after UV-
ozone treatment (PCE = 3.2 %), which highlights the essentiality of
functionalization via SAM [20,21] to serve as a buffer layer to enable
carrier separation and extraction [8,10]. The incident photon-to-current
conversion efficiency (IPCE) spectra were measured for the best cells to
obtain the associated integrated photocurrent densities (Fig. 4d). The
estimated integrated Jsc values agree well with those obtained from the
characteristic J-V curves with the order AB > AM > AE > NB. In
particular, the NB device possess severely suppressed IPCE in compari-
son to the other devices, indicating attenuated charge collection which
accounts for its poor Jsc [39]. The decreasing trend in Jsc from AB to NB
device is consistent with the trend observed in the corresponding IPCE
spectra. The spectral shapes are identical with substantial changes only
in their intensities which are characteristics of the overall carrier gen-
eration ability at each wavelength. Note that the overall absorbance
from 350 to 900 nm of the SAM/PSK samples (Fig. S6a) follow the
similar trend being discussed here, and it aligns well with the perovskite
layer thicknesses on different ITO/SAM (Fig. 3) electrodes. Hence, the
uniform film formation with greater thickness and superior crystallinity
(Fig. S2) with a trend of AB > AM > AE > NB is reflected in the IPCE
spectra [40].

Despite having significant differences between the obtained Jsc, the
fabricated devices displayed similar Voc, arising from the minimal
impact of ITO functionalization on tuning the work functions (Fig. S7),
and also on the similar energy level alignments (Fig. 4a) [41]. The
interfacial charge transport characteristics play a crucial role in defining
the device stability in a long-term, especially for the ones lacking a
carrier transport layer. Hence, we performed electrochemical imped-
ance spectroscopy (EIS) [42] with the fabricated devices by biasing them
at 0.5 V under darkness. The Nyquist plots (Fig. 4e) were fitted by
applying an appropriate equivalent-circuit model for a comprehensive
analysis of the charge transport and recombination processes [43]. The
single semicircle encompassing the whole frequency range of the EIS
measurements can be assigned to the charge recombination process as
the charge carriers traverse [44]. The size of the semicircular spectra
was used to estimate the resistance against the interfacial charge
recombination, which is tabulated in Table S3. The charge
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recombination resistances of these devices show a systematic trend with
the order AB (4.39 kQ) > AM (2.42kQ) > AE (1.11 kQ) > NB (0.78 kQ),
which agrees with the trend of Jsc and overall device performance
shown in Fig. 4c and 4d. The EIS data suggest that the poor performance
of the NB device is mainly due to the significantly suppressed recom-
bination resistance. Since the -NOy group in NB is a strong electron
withdrawing group [25], the presence of the same as an interlayer be-
tween the perovskite active layer and the electrode could induce elec-
tron extraction in addition to the desired hole extraction, which would
easily trigger electron-hole recombination that degrades the device
performance quickly. In contrast, in other push-pull SAMs, the -NH,
group, being an electron-donating group [45], effectively extracts only
the holes from the PSK. In addition, in comparison to AB, the AM and AE
based devices possess reduced recombination resistance possibly due to
the extended chain lengths that give rise to undesirable carrier leakage.
As a result, the AB device exhibited the best performance among the
other devices as confirmed by the EIS measurements.

The electrode/perovskite interfacial charge carrier kinetics were
investigated through time-resolved PL decay measurements performed
using time-correlated single-photon-counting (TCSPC) technique. The
PL decay profiles obtained from both AB/PSK and NB/PSK were fitted
with a single-exponential function, while those obtained from both AM/
PSK and AE/PSK were fitted with a bi-exponential function (Fig. S9).
The average PL lifetimes estimated from the fitted data (t; only for AB/
PSK and NB/PSK) along with the individual rapid- and slow-decay co-
efficients (t; and 15 for AM/PSK and AE/PSK) [46] are tabulated in
Table S4. The PL lifetimes show a systematic trend for AB/PSK (0.7 ns)
< AM/PSK (2.6 ns) < AE/PSK (6.4 ns), indicating the hole extraction
following the same trend. The additional alkyl chains in AM and AE
retarded the hole extraction so that AB becomes the best SAM for TPSC.
In contrast, the NB/PSK film shows much shorter PL lifetime (0.4 ns) due
to two reasons. First, the poor film morphology shown in Fig. 2h with
poor crystallinity (Fig. S2) indicates that more surface defects might be
involved for the NB/PSK films than for the other films. This surface
defect would quench PL intensity and lead to reduction in PL lifetime.
Second, since NB involves -NO;, group to effectively withdraw electrons
from PSK, it was electrons rather than holes being extracted from PSK to
NB with much shorter PL lifetime. This electron extraction characteristic
in NB led to charge recombination as observed in the EIS results.
Therefore, much poorer Jsc and PCE were observed for the NB device
than for the other devices.

The effect of hysteresis of the AB device was assessed by sweeping
the J-V curves in both reverse (Voc to 0 V) and forward (0 V to Voc)
directions, which displayed negligible hysteresis (Fig. S10). The repro-
ducibility of the SAM-based devices is displayed through the boxplots
shown in Fig. S11, with the corresponding photovoltaic parameters
being tabulated in Table S5-8; 25 devices in total for each SAM were
fabricated at identical experimental conditions with an active area of
0.0225 cm?. We also examined the effect of varied concentrations of the
SAM solutions on the device performance of AB, and the corresponding
data are shown in Fig. S12. Fig. S12a shows a marked reduction in the
absorbance as we reduced the AB solution concentration from 1.0 mM to
0.1 mM. The J-V characteristic curves recorded from the devices fabri-
cated using the corresponding SAM solution concentration are shown in
Fig. S12b, which reveals an increasing trend in the PCE (0.5 % for 1.0
mM to 7.6 % for 0.1 mM solution). The trend is associated with the
saturation in the absorption spectra at higher concentrations of AB
(Fig. S12a) due to severe agglomeration of AB in high-concentration
condition. To examine the long-term stability of the device, the fabri-
cated devices were stored inside a nitrogen-filled glovebox, and the PCE
was measured periodically as shown in Fig. 4f. The AB device exhibits an
outstanding long-term stability with 80 % of the initial PCE being
maintained even after a storage period of over 3500 h, while the other
devices degraded quickly with the stability order AM > AE ~ NB; all
three SAM devices with the PCE went down to naught after 1500 h of
storage. In comparison to the newly reported polymer HTM-based
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TPSCs, the device stability exhibited in our work stands out due to the
non-involvement of any additional interlayer-pre-treatments on the
SAM-functionalized ITO electrodes, making them truly HTM-free TPSC
devices. However, the previously reported HTM-based devices deman-
ded interlayer formation to tune the surface energy of the polymer layer
itself to enable an interaction between the perovskite and the HTM/
electrode [8,10,11]. Additionally, we tested the light-soaking stability of
the AB device in ambient conditions (relative humidity ~ 60 %) without
encapsulation and compared its performance against a conventional
PEDOT: PSS-based device (Fig. S13) by measuring the device perfor-
mance at the maximum power point under simulated AM 1.5G illumi-
nation for about 6 h. We noticed a quicker degradation of the PEDOT:
PSS-based device under light illumination in comparison to the AB de-
vice. The latter was able to withstand the harsh effects of both thermal
stress and light soaking, implying its superior photo- and thermal-
stability relative to the conventional HTMs. This is for the first time a
TPSC based on such a simple SAM (aminobenzoic acid) as a hole-
selective interlayer with decent device performance and stability
being reported.

3. Conclusion

We designed a new series of simple self-assembled monolayer (SAM)
molecules with bifunctional groups to replace the moisture-sensitive
PEDOT: PSS as HTM for inverted tin perovskite solar cells (TPSCs).
The idea was to introduce benzene as a core molecule, together with an
electron-withdrawing group (acceptor; carboxylic acid) on one side and
an electron-donating group (donor; amine) on the other side to form a
SAM molecule with an acceptor-n-donor configuration. The first SAM is
aminobenzoic acid (AB), which exhibited outstanding hole-extraction
ability with retarded charge recombination to attain the best device
performance with PCE 7.6 % according to a two-step device fabrication
approach. Methyl and ethyl substituents were introduced between
benzene and amino moiety to increase the flexibility of the SAM to
interact with the tin perovskite layer. However, insertion of a non-
conjugated alkyl chain in SAM reduced the ability of hole extraction,
leading to a systematic reduction in Jgc that degraded the device per-
formance. When the amino group in AB was replaced by an electron-
withdrawing acceptor like a nitro group (NB), the electron extraction
from perovskite to NB took place which facilitated significant interfacial
charge recombination to reduce Js¢ further for NB to become the poorest
device among all the SAM-based TPSCs. The AB device also displayed
outstanding long-term stability to maintain 80 % of its initial PCE for
over 3500 h without encapsulation in dark. Under light-soaking condi-
tion, the AB-based TPSC was also superior to the PEDOT: PSS device
with the perovskite layer fabricated under the same experimental
condition.
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