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ABSTRACT: Hole-collecting monolayers have drawn attention in perovskite solar cell research due to their ease of pro-
cessing, high performance, and good durability. Since molecules in the hole-collecting monolayer are typically composed
of functionalized m-conjugated structures, hole extraction is expected to be more efficient when the n-cores are oriented
face-on with respect to the adjacent surfaces. However, strategies for reliably controlling the molecular orientation in mon-
olayers remain elusive. In this work, multiple phosphonic acid anchoring groups were used to control the molecular orien-
tation of a series of triazatruxene derivatives chemisorbed on a transparent conducting oxide electrode surface. Using in-
frared reflection absorption spectroscopy and metastable atom electron spectroscopy, we found that multipodal derivatives
align face-on to the electrode surface, while the monopodal counterpart adopts a more tilted configuration. The face-on
orientation was found to facilitate hole extraction, leading to inverted perovskite solar cells with enhanced stability and
high power conversion efficiencies up to 23.0%.

INTRODUCTION

As solar energy is the most abundant renewable energy
source, the development of photovoltaics with high
efficiency, long-term stability and low cost is vital for
realizing a carbon-neutral society. Among next-generation
photovoltaics, perovskite solar cells (PSCs) are one of the
most promising technologies'3 with power conversion
efficiencies (PCEs) increasing rapidly to above 25%.479

Typical PSC devices are composed of five layers; a
transparent electrode, an n-type semiconductor (electron-
collecting material, ECM), a light absorbing perovskite, a
p-type semiconductor (hole-collecting material, HCM),
and a metal electrode. The structure is characterized as

regular (n-i-p) or inverted (p-i-n), depending on whether
electrons or holes are extracted to the transparent bottom
electrode, respectively.®" So far, the performance of
inverted PSCs still lags behind that of their regular
counterparts.®® However, compared to the regular PSCs
with metal oxide typically being used as a bottom ECM,
inverted PSCs with bottom organic HCM are more suitable
for flexible or tandem devices due to their lower processing
temperature and lower parasitic absorption loss in the
front contact.3'>s Moreover, hygroscopic dopants which are
usually needed for the HCMs in regular PSCs can be
omitted, leading to enhanced long-term stability.*
Therefore, in order to extend the application range of PSCs,
it is crucial to improve the performance of the inverted PSC
devices.
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Figure 1. Molecular design concept for hole-collecting monolayer materials with (a) conventional monopodal strategy and

(b) multipodal strategy.
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Figure 2. Molecular structures of triazatruxene based hole-collecting monolayer (PATAT) materials.

Besides the film and interfacial engineering of the
perovskite layer, the development of HCMs is critical to
boost the device performance of inverted PSCs. In addition
to performing hole extraction and transport functions, the
HCM also impacts the quality of the solution-processed
perovskite films.”7'® Chemically adsorbed monolayers have
recently outperformed conventional HCMs including
organic materials (e.g., poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS), poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA)),” as well as inorganic
metal oxides (e.g., NiOx,2° CuOy*') in terms of both optical
transparency and electrical conductivity. The viability of
this concept was first demonstrated by Magomedov et al.
in 2018.2 They used carbazole derivatives (known as PACz
series) with phosphonic acid anchoring groups which
spontaneously adsorb onto the surface of metal oxide sub-
strates to form a conformal monolayer. Since then, several
molecules with further structural modifications have been
reported to function as hole-collecting monolayers.>738 All

these structures are composed of a n-conjugated backbone
connected to a single anchoring group. When chemically
adsorbed, these monopodal molecules tend to orient with
their n-plane perpendicular (edge-on) to the metal oxide
surface.324° This molecular alignment could result in inef-
ficient orbital overlap with the perovskite surface and/or
unsought hole transport in the lateral direction, causing
undesired interfacial recombination and interfering with
the hole extraction process (Figure 1a).2>442

In this work, we propose a multipodal strategy to
demonstrate the advantages of molecules with multiple
anchoring sites (Figure 1b). Multiple anchoring groups
lock a face-on orientation of the n-conjugated backbone
with respect to the substrate, resulting in suppressed inter-
facial recombination and better hole extraction. The con-
cept was realized through the design and synthesis of a se-
ries of phosphonic acid (PA)-functionalized triazatruxene
(TAT) derivatives, namely xPATAT-Cy (x is the anchor
number x =1, 2, or 3, while y defines the carbon number in
the spacer y = 3 or 4) (Figure 2). TAT was chosen due to its



planar n-structure and ease of derivatization via three ni-
trogen atoms.

The effect of the number of anchors on the performance
of inverted perovskite solar cells was investigated by com-
paring tripodal 3PATAT-C3 with dipodal 2PATAT-C3 and
monopodal 1PATAT-C3. To confirm the influence of the
spacer length, 3PATAT-C3 was also compared against its
longer homologue 3PATAT-C4. We confirmed that all the
PATAT derivatives form monolayers on both indium tin
oxide (ITO) and fluoride-doped tin oxide (FTO) surfaces
via a bidentate binding mode of the phosphonic acid
groups. Multipodal derivatives tend to align parallel (face-
on) to the metal oxide surface, resulting in improved hole
extraction. The PCE of the inverted device with tripodal
3PATAT-C3 as the hole-collecting monolayer reached
23.0%. The operational stability was superior to both the
monopodal and dipodal PATAT derivatives. These prom-
ising results for the face-on oriented monolayers pave the
way for the development of efficient charge-collecting
monolayers for PSCs.

RESULTS AND DISCUSSION

Synthesis and Photophysical Properties of Bulk
Materials. The synthetic routes of the triazatruxene deriv-
atives are shown in Scheme S1 and the detailed procedures
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core (TAT) was synthesized in 41% yield by intermolecular
condensation of oxindole in neat phosphoryl chloride at
100 °C for 14 h.#44 The obtained product was deprotonated
by treating with 1, 2, and 3 equiv of sodium hydride in N,N-
dimethylformamide at room temperature, followed by nu-
cleophilic substitution reaction with diethyl(3-bromopro-
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(22% vyield), and triphosphonate substituted compound
(49% yield) with three carbon spacers, respectively. As di-
ethyl(4-bromobutyl)phosphonate was not commercially
available, 1,4-dibromobutane was chosen as a reactant for
the synthesis of the molecule with the four-carbon spacer.
The tribromo intermediate was obtained in 70% yield after
treatment of TAT with 6 equiv of sodium hydride, followed
by alkylation reaction with 1,4-dibromobutane. The ali-
phatic bromide moieties were then transformed into phos-
phonic acid ethyl esters in quantitative yield by the Ar-
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Figure 3. a) Contact angles of the water droplets on bare ITO, 1PATAT-C3, and 3PATAT-C3 adsorbed ITO substrates. b)
CVs using bare ITO or 3PATAT-C3 adsorbed ITO substrate as a working electrode measured in 1,2-dichlorobenzene (o-
DCB) solution at a scan rate of 100 mV s™. ¢) PYS result of the 3PATAT-C3 adsorbed ITO substrate.



The chemical structures of the synthesized molecules
were verified by nuclear magnetic resonance (NMR) and
high-resolution mass spectrometry. All the final com-
pounds are soluble in highly polar solvents, such as meth-
anol, N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), and N-methyl-2-pyrrolidone (NMP).

Ultraviolet-visible (UV-Vis) absorption spectroscopy
was used to investigate the photophysical properties of the
PATAT series in DMF solution (Figure S1). The absorption
spectra for these compounds are almost identical and show
maximum absorption peaks in a range of 308-324 nm at-
tributed to the n-n* electronic transitions of the triazatrux-
ene cores. The PATAT series (Aeqge = 385 nm) exhibits
higher transmittance in the near-ultraviolet region even
compared to the well-established 3,6-dimethoxycarbazole
derivative MeO-2PACZ (Aedge = 398 nm) or PTAA (Aedge =
415 nm).

Monolayer Fabrication and Characterization. Films of
PATAT molecules were fabricated on both ITO and FTO
substrates by spin-coating from DMF solution (0.1 mM).
Details on the fabrication process are provided in the
Supporting Information.

The existence of an organic layer on the treated metal
oxide surfaces can be verified by observing the change in
contact angle. As shown in Figure 3a and Sz, the contact

angle of a water droplet on a bare ITO substrate was 8°,
while those of PATAT-treated ITO substrates were
estimated at around 75°. The large contact angle of the
treated surfaces suggests a more hydrophobic surface. The
contact angle is also independent of the number of
phosphonic acid groups on the PATAT molecules,
indicating that all the hydrophilic phosphonic acid groups

are bound to the oxide surface or at least pointing towards
it.4748

The presence of the PATAT derivatives at the ITO
surface was also confirmed by comparing cyclic
voltammograms (CVs) using bare ITO or 3PATAT-C3
modified ITO as a working electrode (Figure 3b). No peak
is observed for the bare ITO electrode, while a reversible
oxidation wave at +0.49 V vs Fc¢/Fc* is readily observed for
the 3PATAT-C3 modified ITO electrode, similar to the
signal observed for 3PATAT-C3 dissolved in DMF solution
(+0.50 Vvs Fc/Fc*, Figure S3). Similar oxidation waves are
also observed for other PATAT derivatives (Figure S4).

The energies of the highest occupied molecular orbitals
(HOMOs) of PATAT derivatives were derived from the
ionization potentials measured using photoelectron yield
spectroscopy (PYS). The HOMO energy of 3PATAT-C3
film was estimated to be -5.44 eV (Figure 3c) which is
almost the same as value obtained from CV. Similar values
were found for the remaining derivatives (Figure Ss).
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Figure 4. a) IRRAS spectrum of 3PATAT-C3 coated on Si/ITO substrate measured using p-polarization at 80°. b) ATR

spectrum of 3PATAT-C3 powder.
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Figure 5. a) Calculated DOS and MO energies obtained by DFT calculations (B3LYP/6-31G(d)). Vertical bars below the
calculated DOS indicate the distribution of MOs. The calculated binding energy scale was contracted by 5.0 eV and shifted
to fit with the experimental results. b) Comparison of He I UPS and He" MAES spectra of 3PATAT-C3 coated on ITO
substrate. ¢) Schematic face-on molecular orientation of 3PATAT-C3 on ITO and typical molecular orbital distributions

(calculated at B3LYP/6-31G(d) level of theory, isovalue: 0.03).

The HOMO energy level of the PATAT derivatives is
higher than that of the valence band (VB) of typical
perovskite materials such as CH;NH,;Pbl; (MAPbL;, VB =
-5.45 eV)® or  CSposFAo80MA..sPbl, sBro.s  (FA:
formamidinium, VB = -5.56 eV),5° suggesting that these
PATAT molecules are suitable for extracting holes from
perovskite absorbers.

The nature of the chemical interactions between
3PATAT-C3 and ITO was identified with the help of
infrared spectroscopy. The infrared reflection absorption
spectroscopy (IRRAS)5%3* spectrum of 3PATAT-C3 spin-
coated on the Si/ITO substrate and attenuated total
reflection (ATR) spectrum of 3PATAT-C3 powder are
shown in Figure 4. The assignment for vibrational bands
was carried out with the help of density functional theory
(DFT) calculations (Figure S6). Compared to the ATR
spectrum of bulk material, a significant decrease in the
intensity of peaks at 945, 1146, and 1157 cm™ was observed
in the IRRAS spectrum of the 3PATAT-C3 film coated on
the Si/ITO substrate. These bands are attributed to the P-

O-H antisymmetric v,(P-O-H) and symmetric v(P-O-H)
stretching vibrations, so the loss of intensity is interpreted
as the deprotonation of the phosphonic acid groups. Since
the homocondensation of phosphorous derivatives rarely
occurs in surface modifications,5>5¢ the increase in the
relative intensity of the {(P=0) vibrational band at 1236
cm™ to the P-O-H) vibrational bands suggests that all
three phosphonic groups bind to the ITO surface in a
bidentate binding mode in which the P=O groups are not
chemically interacting with the substrates.#® All three
anchoring groups binding the 3PATAT-C3 molecule to the
surface would force the triazatruxene core to align face-on
to the ITO substrate.

Next, we confirmed the orientation of 3PATAT-C3
molecules on the ITO surfaces. It was not possible to
observe 3PATAT-C3 molecules adsorbed on both
commercial and epitaxial ITO by scanning tunneling
microscopy (STM) (Figure S7) due to the roughness of the
ITO surfaces. From the same reason, standard optical
techniques observing the transition moment such as near-



edge X-ray absorption fine structure (NEXAFS) or
ellipsometry cannot be applied. We therefore employed
the combination of ultraviolet photoelectron spectroscopy
(UPS) and metastable atom electron spectroscopy
(MAES).555° These techniques observe the density of state
(DOS) of valence states but are complementary due to
their different probing depths. The probing depth of the
UPS is limited by the electron’s mean free path and extends
several nanometers into the sample, while the metastable
atoms in MAES measurements only interact with the
outermost atomic orbitals of the sample surface. Therefore,
information about the orientation of the molecule at the
surface can be inferred from differences observed between
the UPS and MAES spectra. Spectral assignments were
made with the help of a calculated DOS obtained by
broadening the energies of the molecular orbitals
calculated using B3LYP/6-31G(d) level of theory (Figure
5a). Prominent spectral features associated with n states
and o states of TAT core are labelled as 7 and o (i=1,2,3...),
respectively, while peaks associated with o states of
anchors are labelled as a;.

The measured UPS spectrum of 3PATAT-C3 on ITO
(Figure 5b) is similar to the calculated total DOS as elec-
tron density from entire molecule is detected. In the MAES
spectrum, which selectively measures the outermost orbit-
als, the features derived from T states (m, 7, and 7;) are
clearly observed. Further, contributions from higher
energy T states (n, and 76) are more dominant than those
from the o states (o, and o). These results indicate that
only the n orbitals are extended outside the surface
meaning that the 3PATAT-C3 molecules are aligned face-
on to the ITO surface (Figure 5¢). The same results were
also obtained when FTO substrates were used (Figure S8a).

Multilayer films were also investigated by increasing the
concentration of the 3PATAT-C3 solution and adjusting
the spinning speed. In the MAES spectra, the intensity of
the o, and o, signals increases with increasing thickness
(Figure S8b), suggesting a transition to randomly-
oriented multilayer.

Since 2PATAT-C3 with two anchoring groups possesses
more degrees of freedom than 3PATAT-C3 even after being
adsorbed onto the ITO surface, 2PATAT-C3 may partially
adopt face-on orientation. The spectral features of
2PATAT-C3 on ITO (Figure S8c) are generally similar to
3PATAT-C3. However, the region of 10-11 eV in the MAES
spectrum is flatter than in 3PATAT-C3 case due to the
enhanced contribution of ¢ state. The relative intensity of
the 7 and o states indicate that although the orientation of
2PATAT-C3 is also mostly face-on to the substrate, it is
overall not as well-oriented as tripodal derivative.

The preferential face-on orientation of tripodal
3PATAT-C3 molecule on ITO surface was also supported
by the first-principles calculations. The adsorption energy
of 3PATAT-C3 on the most stable ITO (111) surface was cal-
culated using the periodic density functional theory calcu-
lation at the generalized gradient approximation Perdew-
Burke-Ernzerhof (GGA-PBE) level with the Vienna Ab ini-

tio Simulation Package (VASP). The details of the theoret-
ical calculations are provided in the Supporting Infor-
mation. The adsorption energy of 3PATAT-C3 with mon-
opodal, dipodal, and tripodal anchoring mode was deter-
mined to be 0.21,1.90, and 4.45 eV, respectively (Figure Sg).
These results indicate that the face-on orientation with all
three phosphonic acid groups anchored to the ITO surface
is the most stable configuration.

For hole extraction in perovskite solar cells, the effective
coverage of the hole-collecting molecules on the ITO
surface is crucial. The number of molecules adsorbed on a
conducting surface can be estimated from cyclic
voltammetry by observing the dependency of the oxidative
peak intensity on the scan rate as follows:7

2p2
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In the above equation, i, (A) is the oxidative peak current,
v (V s7) is the voltage scan rate, n is the number of elec-
trons transferred, F (96485.33 C mol™) is the Faraday con-
stant, R (8.3144 ] K™ mol™) is the universal gas constant, T
(K) is the temperature, Na (6.022 x 103 mol™) is the Avoga-
dro constant, A (cm?) is the electrode surface area, and I
(molecules cm™) is the surface density. The number of the
adsorbed molecules per unit area can be determined ex-
perimentally by measuring the slope of i, vs v.

Monolayer films of 1PATAT-C3, 2PATAT-C3, 3PATAT-
(3, 3PATAT-C4, and MeO-2PACz were prepared on ITO
by spin coating from o1 mM DMF solutions. Using
ITO/PATAT substrates as working electrodes, CV meas-
urements were performed at different scan rates in 1,2-di-
chlorobenzene (0-DCB) solutions with 0.1 M tetrabu-
tylammonium hexafluorophosphate ("Bu,N*PF¢") as a sup-
porting electrolyte (Figure S10, S11).

The surface density of 1PATAT-C3, 2PATAT-C3,
3PATAT-C3, 3PATAT-C4, and MeO-2PACz was deter-
mined to be 6.6 x 10%, 5.7 X 10'%, 1.0 X 103, 5.8 x 102, and 1.6
x 108 molecules cm™, respectively. The surface density of
tripodal 3PATAT-C3 molecule is significantly higher than
both the monopodal and dipodal derivatives, as well as
higher than the 3PATAT-C4 with longer alkyl spacers. Alt-
hough the number of adsorbed molecules for monopodal
MeO-2PACz was higher than 3PATAT-C3, using the mo-
lecular footprint of 3PATAT-C3 and MeO-2PACz (esti-
mated as 132.1 and 51.6 A2 respectively, from the shadow
projection of the DFT optimized structures as shown in
Figure S12), the effective coverage of “face-on” oriented
3PATAT-C3 was calculated to be 1.6 times more than
“edge-on” oriented MeO-2PACz.

Perovskite Film Fabrication and Characterization. As
we already reported previously,>® efficient hole extraction
from the perovskite layer requires that the HOMO energy
level of the HCM be at least 0.1 eV shallower than the
valence band of perovskite material. Therefore,
considering that the HOMO energy levels of PATAT



molecules are ca. -5.44 eV (Figure Ss5), a mixed-
composition perovskite material
(C86.05FAo.8oMA.15PbL, 5sBro ,5)° with a valence band of
-5.56 eV was chosen for the devices in this work.

It was found that the solvent used for fabricating PATAT
monolayer has a large effect on the deposition of the
perovskite layer. With the monolayer fabricated by spin
coating PATAT from DMSO solution, only perovskite film
with poor coverage could be obtained. In contrast, when
DMF was used as the solvent for PATAT solution, a
uniform perovskite layer can be readily fabricated without
the need for additional pre-wetting treatment despite the
hydrophobicity of PATAT monolayer (Figure S13). The
crystallinity and morphology of the perovskite films
fabricated on different hole-collecting layers were
characterized with the aid of X-ray diffraction (XRD)
(Figures S14) and scanning electron microscopy (SEM)
(Figures S15-S18). The SEM images confirm the perovskite
layers to be smooth and pinhole-free. The small bright
grains are attributed to excess Pbl, at the surface. From the
XRD patterns, we judge that the crystallinity of the
perovskite films is not significantly influenced by the
choice of hole-collecting materials.

Perovskite Solar Cells. Solar cells were fabricated with
the following p-i-n device stack: Glass/indium tin oxide
(ITO) or fluoride-doped tin oxide
(FTO)/HCM/Cso.05F Ao 80MA, 1sPbI, 55Brg 5 (500-600
nm)/ethylenediammonium diiodide (EDAI, 0.5 nm)/Ceo,
(20 nm)/bathocuproine (BCP, 8 nm)/Ag (100 nm) (Figure
6a). Textured FTO substrate was found to give superior
performance compared to ITO substrate, most likely due
to reduced reflection loss over the spectral range of 400—
750 nm as a result of less optical interference.
Ethylenediammonium diiodide (EDAI) was used as a post-
treatment for the perovskite surface to increase the cell
voltages.>® The fabrication processes and optimization
details (for transparent conductive oxide substrates,
solvents, and concentration of HCMs) are provided in the
Supporting Information (Figure S19-S26, Table S1-S4).
The distribution of the PCE of the optimized PSCs
fabricated with FTO substrates and EDAI, post-treatment
is indicated by the box plots shown in Figure 6b (also see
Figures S27). The current-voltage (J-V) characteristics
and corresponding incident photon-to-current conversion
efficiency (IPCE) spectra for champion device at each
condition are shown in Figure 6c-e (see also Figures S28-
S30), while the device parameters are listed in Table 1.

Among all PSC devices, tripodal 3PATAT-C3 based de-
vices exhibited the best performance with short-circuit
current (Jsc), open-circuit voltage (Voc), fill factor (FF), and
PCE derived from the forward J-V scan is 24.5 mA cm™, 1.13
V, 0.83, and 23.0%, respectively. This is one of the best re-
sults for PSCs with hole-collecting monolayers (Table Ss).

Compared to 3PATAT-C3 based devices, the lower per-
formance of devices fabricated with conventional PTAA
(Jsc = 23.0 mA cm™, Voc = 1.07 V, FF = 0.79, PCE = 19.4%)
and MeO-2PACz (Jsc = 23.4 mA cm2, Voc =112 V, FF = 0.80,

PCE = 21.0%) can be partially attributed to the current loss
in the wavelength region <420 nm caused by the parasitic
absorption (Figure 6d). It demonstrated the advantage of
3PATAT-C3 over conventional materials from the view
point of light transmittance.

In order to clarify the effect of the molecular orientation
on device performance, devices using monopodal (edge-on
or tilted), dipodal (partially face-on), and tripodal (face-
on) hole-collecting monolayer materials was compared in
detail. The performance of the devices fabricated with the
monopodal molecules (1PATAT-C3 and the reference ma-
terial MeO-2PACz) was similar with an average PCE of
20.0 and 20.3% for 1IPATAT-C3 and MeO-2PACz-based
PSCs, respectively.

The device efficiency was found to be increased as the
number of anchoring groups is increased from one to three
as shown in Figure 6e. The average PCE calculated from
the forward J-V scan of the devices using monopodal
1PATAT-C3, dipodal 2PATAT-C3, and tripodal 3PATAT-C3
was 20.0, 21.3, and 22.2%, respectively. The champion PCE
reached 21.1, 22.2, and 23.0%, respectively.

The average Jsc was 23.0, 23.6, and 24.3 mA cm™ for
1PATAT-C3, 2PATAT-C3, and 3PATAT-C3, respectively.
The integrated Jsc obtained from the IPCE spectra (Figure
$30) are in good agreement with the values derived from
the forward J-V scans. Since the absorption bands of
PATAT derivatives are identical, these results indicate a
better internal quantum efficiency of the devices using
tripodal 3PATAT-C3 compared to dipodal 2PATAT-C3 and
monopodal 1IPATAT-C3. The average Voc for 1IPATAT-C3,
2PATAT-C3, and 3PATAT-C3 was 1.07, 1.12, and 1.13 V, re-
spectively, and the average FF was 0.81, 0.80, and 0.81
Overall, the current and the voltage of the PSCs increased
with the number of anchoring groups, while the FF was
largely unaffected. Compared to edge-on oriented
1PATAT-C3 and partially face-on oriented 2PATAT-C3, the
more favorable configuration of tripodal 3PATAT-C3 re-
sults in higher Jsc and Voc. The better performance of face-
on oriented 3PATAT-C3 could be attributed to the shorter
hole transfer pathway and/or suppressed unsought hole
transport in the lateral direction.

As a result of the longer insulating alkyl chains, devices
with 3PATAT-C4 showed a slight drop in performance
compared to the 3PATAT-C3 in average PCE (20.6% vs
22.2%), Jsc (22.8 mA cm™ vs 24.3 mA cm™2), and Voc (1.1 V
vs1.13 V).

As multipodal molecules are bound more strongly with
the metal oxide surface, the durability of the devices might
be expected to improve. To check this, the maximum
power point (MPP) of the devices was tracked under AM
1.5G in an inert atmosphere for 100 h. The results are shown
in Figure S31 (also see Figure S32). After 100 h, the output
power of the devices using 1PATAT-C3 was 73% of the
initial value, while 92% and 95% of the initial output was
maintained for the devices using 2PATAT-C3 and
3PATAT-C3 over the same period, respectively.
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Figure 6. a) The schematic structure and cross-sectional SEM image of p-i-n PSC. b) Box plots of PCEs of the solar cells. c)
Forward scan J-V curves and d) IPCE spectra with integrated Jsc values (Jsc, int.) of PSCs fabricated using PTAA, MeO-2PACz,
and 3PATAT-C3. e) Forward scan J-V curves of PSCs fabricated with PATAT series. f) The shelf-stability test in the inert
atmosphere under dark condition for the unencapsulated devices fabricated with 3PATAT-C3.



Table 1. Photovoltaic Parameters of PSCs Fabricated on Different FTO/HCM Substrates with EDAI, Treatment on
Top of Perovskite Derived from J-V Measurements

HCM Scan® ]sc Voc FFo PCE HID
[mA cm]9) (V]9 [%]°)
PTAA Forward 23.0 1.07 0.79 19.4
(22.1 £0.8) (1.06 *o0.01) (0.78 +0.02) (18.3 £ 0.9)
-0.037
Reverse 22.5 1.07 0.78 18.7
(21.5 +0.7) (1.06 *o0.01) (0.76 +o0.02) (173 t0.9)
MeO-2PACz Forward 23.4 112 0.80 21.0
(231 t0.2) (111 +o0.01) (0.79 +o0.01) (20.3 t0.5)
-0.050
Reverse 23.3 111 0.77 20.0
(231 t0.2) (110 *+0.01) (0.75 £ 0.01) (19.2+0.6)
1PATAT-C3 Forward 24.0 1.06 0.82 21.1
(23.0 £0.8) (1.07 £ 0.02) (0.81 £0.02) (20.0 £0.9)
-0.014
Reverse 23.5 1.10 0.80 20.8
(22.7 £0.6) (1.08 £ 0.02) (0.76 *+0.03) (18.5 £ 1.3)
2PATAT-C3 Forward 23.3 1.14 0.83 22.2
(23.6 +0.2) (112 *o0.01) (0.80 *+0.02) (21.3 *+0.5)
-0.174
Reverse 23.0 114 0.72 18.9
(23.5 T 0.2) (110 *0.02) (0.75 £ 0.02) (19.5 +0.9)
3PATAT-C3 Forward 24.5 113 0.83 23.0
(243 t0.3) (113 t0.01) (0.81 £ 0.02) (22.2 £ 0.7)
-0.031
Reverse 24.4 113 0.81 223
(243 t0.4) (112 +o0.01) (0.79 +0.02) (21.6 +0.9)
3PATAT-C4 Forward 23.3 114 0.83 22.1
(22.8 +0.4) (11 *o0.02) (0.81 £ 0.02) (20.6 +0.5)
-0.139
Reverse 231 111 0.75 19.4
(22.5 *0.5) (1.og *o0.01) (0.73 t0.02) (181 +0.9)

“HCMs were spin-coated on FTO substrates. ’Forward and reverse indicate the scan direction from Jsc to Voc and from Voc to Jsc,
respectively. ‘The average and standard deviation values were given in parentheses. YHysteresis index (HI) = (PCEgreverse —
PCEForward)/PCEReverse~
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Figure 7. a) Complex impedance plots under an inert atmosphere at AM 1.5G illumination and zero applied bias. b) The
Voc as a function of illumination intensity of the PSCs fabricated on MeO-2PACz, 1PATAT-C3, 2PATAT-C3, 3PATAT-C3,

and 3PATAT-C4 monolayers.

The high durability of the device using multipodal hole-
collecting monolayers might be the result of higher
coverage as determined by the CV experiments and a
suppressed charge accumulation induced degradation.

In shelf-stability test (inert atmosphere, room tempera-
ture, dark condition), it was found that unencapsulated de-
vices using 3PATAT-C3 could be stored for at least 2000
hours without any drop in performance compared to the
initial state (Figure 6f and S33). One of the 3PATAT-C3
devices was encapsulated and sent to National Institute of
Advanced Industrial Science and Technology (AIST, Japan)
for certification. The certified efficiency was 21.02% (Fig-
ure S34) is close to our in-house measurement of 21.5% af-
ter sealing. The thermal durability of the 3PATAT-C3
monolayer was tested by placing the unencapsulated
devices under an ambient atmosphere (room
humidity = 60%) at elevated temperatures and periodically
measuring the J-V curves (Figure S35). The PCE remained
at 94% of the initial value after heating at 120 °C for 1 h, and
was still 89% of the initial value after heating at 130 °C for
additional one hour.

The charge transfer properties of the hole-collecting ma-
terials were examined using steady-state photolumines-
cence (PL) quenching and time-resolved photolumines-
cence (TRPL)* measurements. PL quenching were
performed on quartz/perovskite, glass/ITO/perovskite,
and glass/ITO/HCM/perovskite samples (Figure S36). Af-
ter fabricating perovskite on HCM layers, PL intensity of
the perovskite films fabricated on PATAT monolayers was
much lower than from the perovskite film on MeO-2PACz
(<6% vs 45%) (Figure S36a). The PL lifetime for the pris-
tine perovskite film on quartz was 334 ns® and 189 ns for
the glass/ITO substrate. It decreased in the
HCM/perovskite films to 51, 12, 10, 10, and 8 ns for MeO-
2PACz, 3PATAT-C4, 3PATAT-C3, 2PATAT-C3 and
1PATAT-C3, respectively (Figure S36b). The stronger PL
quenching together with shorter PL lifetime suggest that

hole extraction into PATAT series proceeds more effi-
ciently than with MeO-2PACz.

In most cases, the quenching of PL signals by charge
transfer at charge-collecting layer/perovskite interface and
by increased recombination rates cannot be
unambiguously distinguised.®> Therefore, the impedance
spectroscopy and the light intensity dependence of the
open circuit voltages were also conducted.

The electrical properties of the devices were examined
with the impedance spectroscopy (IS).” The results
measured for the solar cell devices under AM 1.5G at short
circuit condition are shown in Figure 7a (also see Figure
S37 for other applied bias). The complex impedance data
were fitted to a simple equivalent circuit with series and
parallel resistance elements and a parallel capacitance. The
series resistance (Rs) was confirmed to be low, at about 1 )
cm? for all devices. The parallel resistance (R;), indicated
by the diameter of the main semicircular feature, varied
from 165 and 135 Q cm? for MeO-2PACz and 1PATAT-C3,
respectively, to 205 Q cm? for 2PATAT-C3, and to 430 Q
cm? for 3PATAT-C3. The increase in parallel resistance
with the number of anchoring groups correlates with the
improvements to the fill factor and confirms that hole
extraction from the perovskite films is more efficient for
face-on oriented molecules. At 235 Q cm?, the parallel
resistance of the molecule with the four-carbon spacer
chains (3PATAT-C4) was somewhat reduced compared
with 3PATAT-C3, suggesting that the longer alkyl chains in
3PATAT-C4 impedes hole extraction.

The light intensity dependence of the open circuit
voltages was measured to determine the diode ideality
factors (niq, Figure 7b). The ideality factors varied within a
relatively narrow range from 1.61 for MeO-2PACz and 1.60
for 1PATAT-C3 to 156 for 2PATAT-C3 and 1.47 for
3PATAT-C3. The ideality factor for 3PATAT-C4 was 1.58.
The overall trends here mirror the parallel resistance



values determined by the impedance measurements. The
smaller ideality factor indicates a reduced interfacial trap-
assisted recombination and correlates closely to the
observed trends for the Voc and fill factor.%+

CONCLUSIONS

In summary, a multipodal strategy was proposed to realize
face-on orientation of hole-collecting monolayers chemi-
cally adsorbed on transparent conducting oxide substrates.
For this purpose, a triazatruxene derivative bearing three
phosphonic acid anchoring groups (3PATAT-C3) was de-
signed and synthesized. The face-on orientation of
3PATAT-C3 molecules was verified using a combination of
IRRAS, UPS, MAES, and theoretical calculations. Com-
pared to the edge-on oriented monopodal and partially
face-on oriented dipodal monolayer materials, the face-on
configuration of tripodal 3PATAT-C3 monolayers en-
hances hole collection and reduces interfacial charge re-
combination. Perovskite solar cells using tripodal
3PATAT-C3 reached a PCE of 23.0% and showed improved
operational stability. These results demonstrate the effec-
tiveness of our multipodal strategy to achieve a face-on ori-
entation and improve the performance of perovskite solar
cells. Based on this concept, further structural modifica-
tions of hole-collecting materials should lead to further
progress in both single-junction and tandem PSC devices.
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