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Abstract DOI: 10.1039/D5TA04749H

Hole-collecting monolayers (HCMs) have attracted considerable attention in p-i-n (inverted
structure) perovskite solar cells. Although HCMs exhibit superior performance compared with
widely used polymers, there is confusion regarding energy level alignment at
electrode/HCM/perovskite interfaces, which is crucial for achieving hole collection efficiency
through HCM. In this work, ultraviolet photoelectron spectroscopy, low-energy inverse
photoelectron spectroscopy, and metastable atom electron spectroscopy are employed to
investigate prototypical carbazole-based HCMs: 2PACz, MeO-2PACz, and 3PATAT-C3.
Based on precisely determined energy parameters, we propose a universal model for energy
level alignment at electrode/HCM/perovskite interfaces. The key feature of this model is the
application of the semiconductor heterojunction theory, in which both the HCM and perovskite
layers are treated as semiconductors, whereas the electrode/HCM interface is treated in terms
of interface dipole formation. The model is further tested on HCMs beyond the carbazole-based
types, confirming its universal applicability. The origins of the key energy parameters in the
model are analyzed to establish design rules for HCM development. Particular attention is given
to the oft-overlooked work function of the transparent conductive electrode. The results provide
a unified understanding of energy level alignment at electrode/HCM/perovskite interfaces and

offer guidelines for the rational selection and design of HCM materials.

1. Introduction

Perovskite solar cells (PSCs) have seen a surge in interest because they can be fabricated by a
low-cost solution process? and achieve a power conversion efficiency (PCE) of 27.3%7.
Inverted structure (p-i-n type) devices, which are composed of a hole-collecting layer stacked
on top of a transparent conductive electrode?®, have been under intense scrutiny because they
have lower processing temperature’, lower parasitic absorption loss in the front contact®’, and
greater stability® than conventional normal structure (n-i-p type) devices. The hole-collecting
layer is made of polymers, including poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)*19 and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)!'. However,
because its thickness exceeds 10 nm!>'4, light transmission and electrical conductivity are
reduced'>'®. A hole-collecting monolayer (HCM) has been proposed as an alternative to
polymer-based hole-collecting layers. As HCM is very thin (approximately 1 nm)!>!7 and is
firmly bound to the transparent conductive electrode, parasitic light absorption is

negligible!>!6:18  and high device stability is achieved!. Incorporating HCM into PSCs

p. 2
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58  improves the PCE of single-junction PSCs to 26.9%2° and that of crystal-Si/halide-pereyskitecr or;
59  tandem solar cells to 33.7%?!.

60 An HCM molecule typically consists of a backbone that collects holes from the perovskite
61  layer, an anchoring group that binds to the substrate, and a linker that connects the backbone
62 and the anchoring group. Initially, carbazole derivatives are used as the backbone!®2223.
63  Subsequently, various HCMs have been developed by changing the alkyl chain length,
64  substituents, and molecular backbone!?-22-23,

65 The performance of HCMs is dependent on several factors, including wettability!s, film
66  density and uniformity?*, defect passivation capability at the perovskite interface?’, orbital
67  overlap with the perovskite surface?¢, and charge transport properties?’. Energy level alignment
68 is the most fundamental and critical factor for efficient hole collection and electron-blocking
69  capability?®?®, because hole collection cannot be achieved without proper energy level
70  alignment, even if all other properties are satisfied. Nevertheless, no consensus has been
71  reached regarding the electrode/HCM/perovskite interface, making the selection of an
72 appropriate HCM or the design of new HCMs challenging.

73 To this end, it is essential to predict hole collection and electron-blocking efficiencies using a
74 universal model for energy level alignment, which is based on fundamental energy parameters,
75  such as ionization energy and work function. Three models for energy level alignment at
76 electrode/HCM/perovskite interfaces are extensively used, as illustrated in Figures 1a—c. The
77  first one (Figure 1a) is the vacuum level alignment model?>3%3! | in which the vacuum levels of
78  the three materials are assumed to align. This model is widely used because it requires only the

79  ionization energies of individual materials, which are separately measured. However, this

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

80  model ignores interface effects, such as interface dipole and band bending. The second model
81  (Figure 1b) assumes Fermi level alignment3?-34, This model requires the work functions of the

82  materials in addition to the ionization energies. The Fermi level alignment seems more

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

83  reasonable than the vacuum level alignment because, according to the standard theory of solid-

(cc)

84  state physics, the energy levels should align with respect to the Fermi level when they come
85  into contact. However, this model does not include band bending. In the third model shown in
86  Figure 1c, HCM is treated as a work function modifier for an electrode®—38. Energy level
87  alignment between the perovskite and the HCM-modified electrode is predicted on the basis of
88  the Schottky model for a metal/semiconductor contact. Hole collection efficiency is governed
89 by band bending in the perovskite layer. For this model, the work function of the HCM-
90  modified electrode and the work function/ionization energy of the perovskite layer are required.

91  So far, these three models have been employed in various studies without a clear rationale.
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Figure 1. Widely used models for energy level alignment at electrode/HCM/perovskite
interfaces. (a) Vacuum level alignment model. (b) Fermi level alignment model. (¢) Schottky
model of HCM-modified electrode and perovskite. WF and Er denote work function and

Fermi level, respectively.

In this study, we propose a model for energy level alignment at the electrode/HCM/perovskite
interfaces, which successfully explains differences in photovoltaic performance. As model
systems, we examine three representative carbazole-derived HCM materials—[2-(9H-carbazol-
9-yl)ethyl]phosphonic acid (2PACz)?, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic
acid (MeO-2PACz)%, and [[SH-diindolo[3,2-a:3',2'-c]carbazole-5,10,15-triyl]tris(propane-3,1-
diyl)]tris(phosphonic acid) (3PATAT-C3)%. The energy parameters in the solid phase of these
HCMs and a mixed-composition perovskite, CsgosFAggoMAy 15sPbl,75Brg,s3° (hereinafter
abbreviated as MixA-PVK1), are precisely measured using ultraviolet photoelectron
spectroscopy (UPS) and low-energy inverse photoelectron spectroscopy (LEIPS)*0. We analyze
the interface energy level alignment model in relation to photovoltaic performance. We find
that the HCM/perovskite interface is well described by a semiconductor heterojunction model
that has been established for the p-n junction of inorganic semiconductors*!, whereas the
electrode/HCM interface is treated in terms of interface dipole formation*’. This model is
further tested with other combinations of perovskites and HCMs, confirming its universal
applicability.

As perovskites, CsgosFA73MAq2,Pbl,31Brgg?> (FA and MA denote formamidinium and
methylammonium, respectively; this perovskite is hereinafter abbreviated as MixA-PVK?2), a
mixed-composition perovskite; MAPbI;, a representative lead-based perovskite; and FASnl;, a
tin-based perovskite that is attracting attention as a lead-free perovskite, are employed. For the
HCMs, we examine Me-PhpPACz*, Br-2EPT#, MeO-BTBT#, 4PADCB?*, ID-Cz*/, Py3*,
MPA-BT-XA, and 4-XPBA% (see Section 4.2 of Supporting Information for brief
descriptions of each molecule). These HCMs are selected to cover broad structural and

electronic diversity, enabling rigorous evaluation of the universality of the proposed model.
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The energy parameters are taken from the literature, and the predicted hole collection effigieRey: 047401
using the model is compared with experimentally measured photovoltaic performance, such as
open circuit voltage Voc, short circuit current Jsc, fill factor FF, and PCE. These tests
demonstrate that our proposed model is generally applicable to electrode/HCM/perovskite
interfaces.

In this model, the ionization energy and the work function of HCMs are critical energy
parameters. Thus, we further clarify the factors governing them. Our findings provide practical

guidelines for the selection and design of HCM molecules.

2. Models for Energy Level Alignment at Electrode/HCM/Perovskite Interfaces
2.1. Experimental Determination of Energy Parameters

Figures 2a and b show the results of UPS and LEIPS measurements of ITO as well as
2PACz, MeO-2PACz, and 3PATAT-C3 films prepared on an ITO substrate. The spectrum of
pristine ITO is also shown for comparison. The work functions are derived from the
secondary electron cut-off of UPS (Figure 2a). The work function of pristine ITO is 4.60 eV.
This is altered when HCMs are adsorbed onto ITO: it increases to 5.07 eV in 2PACz but
remains almost unchanged in MeO-2PACz (4.64 eV) and 3PATAT-C3 (4.73 eV). The work
function of perovskite MixA-PVK1 prepared on the ITO substrate is 3.96 eV, as shown in
Figure S1 of Supporting Information. Figure 2b shows the UPS and LEIPS spectra. The
HOMO levels determined from the UPS spectral onsets are similar among 2PACz (-0.77 eV),
MeO-2PACz (-0.57 eV), and 3PATAT-C3 (-0.81 eV) with respect to the Fermi level. The
LUMO levels determined from the LEIPS spectra are more than 2.5 eV above the Fermi
level*®, ensuring efficient electron-blocking capability. Because the Fermi levels are located
close to the HOMO levels, 2PACz, MeO-2PACz, and 3PATAT-C3 are expected to behave as
p-type semiconductors. The valence band (VB) edge and the conduction band (CB) edge,
corresponding to the ionization energy and the electron affinity of perovskite MixA-PVKI,
are determined from the UPS and LEIPS spectral onsets on a logarithmic scale’!-3? as 5.61 eV
and 3.71 eV, respectively (Figure S1). The bandgap is 1.9 eV, approximately 0.3 eV larger
than the optical bandgap of 1.57 eV*®. It has been pointed out that UPS/LEIPS may give a
very weak signal for the band edge owing to the selection rule (momentum conservation) and
that the band edge may be detected only when the spectra are plotted on a logarithmic
scale’'2, In this study, we use the CB edge value obtained by LEIPS to evaluate the electron
transport level, as electrons are introduced into CB during the LEIPS process. Unfortunately,
UPS data on a logarithmic scale cannot be obtained for MixA-PVK2. Therefore, the VB edge
derived from the linear-scale spectra is used instead. Figure 2¢ shows the energy level
diagram with respect to the Fermi level. The perovskite MixA-PVK1 energy levels
demonstrate no noticeable dependence on the underlying HCM, as confirmed by

measurements of films deposited on substrates having various work functions (see Section 1.2
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of Supporting Information). Therefore, the energy levels measured for the perovskite filmg 57047401
prepared on ITO are used hereinafter. Figure 2c¢ also presents the energy parameters of

various perovskites taken from the literature?>-*34, which are used in the following

discussion. The corresponding energy level diagram referenced to the vacuum level is

provided in Figure S3.
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Figure 2. (a) The secondary electron cut-off region of UPS showing the work functiows/ofrros749+
ITO and HCMs. (b) UPS and LEIPS spectra around the Fermi level (the energy with
reference to the vacuum level), the onset of which corresponds to the ionization energy (IE)
and the electron affinity (EA). (c¢) Energy parameters obtained by UPS and LEIPS are
summarized with reference to the Fermi level. VB and CB edge values (literature values) for
various perovskites are also shown. MixA-PVK1 and MixA-PVK2 denote
Cs0.0sFA9s0MA(.15Pbl, 75sBrg,s and CsggsFA(73MAg2,Pbl, 31Brgeo, respectively. MixA-
PVKI1 corresponds to the perovskite measured experimentally. E¢, Ey, Ef, and V.L. refer
to CB edge, VB edge, Fermi level, and vacuum level, respectively. Solid and dashed lines of
the VB edge of the perovskites are determined from the logarithmic and linear scales of UPS
spectra, respectively (see Figure S1 in Supporting Information). For the CB edge of the
perovskites, the values for MixA-PVK1, MAPDI;, and FASnI; were determined from LEIPS,
and that for MixA-PVK2 was determined from the optical bandgap.

162

163 2.2. Assessment of Conventional Energy-Level Alignment Models

164 Based on the energy parameters obtained above, we discuss the validity of the three models

165  shown in Figure 1, in comparison with the photovoltaic performance for each HCM used with

166  MixA-PVKI. Other typical perovskites, including MixA-PVK2, MAPbI;3, and FASnI;>4, are

167  discussed in the Supporting Information (Figures S3 and S4). The device configuration is

168  ITO/HCM/MixA-PVK1/Cs/BCP/Ag?®. Figure 3 and Table 1 show the J-V curves and

169  performance parameters of PSCs. These results clearly show the inferior photovoltaic

170 performance of 2PACz compared to MeO-2PACz and 3PATAT-C3. We evaluate the above

171  three models to determine whether they adequately explain the difference in photovoltaic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

172 performance.
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173 First, we discuss the vacuum level alignment model shown in Figure 1a. The corresponding

174 energy level diagram is given in Figure S3. The LUMO levels of all HCMs are more than 1 eV

(cc)

175  above the CB edge of MixA-PVKI, indicating good electron-blocking capability. Regarding
176 the hole collection efficiency, the HOMO levels of MeO-2PACz and 3PATAT-C3 are 0.40 and
177 0.07 eV higher than the VB edge of MixA-PVKI1. In contrast, the HOMO level of 2PACz is
178  0.23 eV lower than the VB edge, suggesting low hole collection efficiency only for 2PACz.
179 This model explains the inferior photovoltaic performance of 2PACz. However, this model
180  contradicts the observation of the secondary electron cut-off (Figure 2a) that the vacuum level
181  1is not constant but shifts by as much as 0.47 eV when HCM is adsorbed on the electrode. The
182  origin of the vacuum level shift will be discussed later.

183 Second, we discuss the Fermi level alignment model shown in Figure 1b. The energy level
184  diagram (Figure 2c¢) indicates that the LUMO levels of all the HCMs are more than 2.5 eV
185  above the CB edge of MixA-PVKI1. The HOMO levels of all the HCMs are positioned 0.84—
186  1.08 eV above the VB edge of MixA-PVK1. Although 2PACz shows there is a large vacuum

p.7
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level shift of 0.47 eV, the HOMO and LUMO levels are similar among the HCMs,oTherefore osoaor;
we predict similar hole collection efficiency and electron-blocking capability for these HCMs,
which do not explain the observed photovoltaic performance.

Third, we discuss the Schottky model shown in Figure 1c. Figure S4 shows the energy level
alignments with respect to various perovskites. A considerable upward band bending of 0.68—
1.11 eV for MixA-PVK1 is predicted for the three HCMs, which is favorable for hole collection
and electron blocking. Therefore, the inferior performance of 2PACz cannot be explained by
this model.

N
5

N
o
1

e
(o))
FLi—.

Current density (mA/cm?)

124
_ Cqo/BCP
81 |Csg.05FA0 80MAG 15
1 Pbl; 75Bro 25 3PATAT-C3
44
1 Glass/ITO 2PACz
0

00 02 04 06 08
Voltage (V)

Figure 3. J-V curves of PSC, ITO/HCM/MixA-PVK1/Cg/BCP/Ag, where HCM is 2PACz
(red curve), MeO-2PACz (green curve), or 3PATAT-C3 (blue curve).

Table 1. Photovoltaic performance

with different HCMs
|
a) sc o, 0,
HCM  Scan [mA em?] Voc [V] FF[%]  PCE[%]
F 21.2 0.97 44.1 9.1
2PACz
R 21.0 1.02 54.1 11.6
MeO- F 22.9 1.07 74.2 18.2
2PACz R 22.9 1.06 77.9 18.9
F 22.5 1.09 79.3 19.5
3PATAT-C3
R 22.4 1.10 81.6 20.1

dForward (F) and reverse (R) indicates the scan
direction from Jgc to Voc and from Vgc to Jsc,
respectively.
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As we have seen earlier, the first model can explain the variation in photovoltaic perfermance .o on
However, it contradicts the experimental observation of vacuum level variation (Figure 2a). On
the other hand, the second and third models cannot explain the inferior performance of the solar
cell that uses 2PACz as the HCM. Therefore, we need to develop an alternative model that can
adequately explain the photovoltaic performance and at the same time has a sound physical

basis.

2.3. Development of a Unified Energy-Level Alignment Model

The outline of our newly developed model of electrode/HCM/perovskite interfaces is shown
in Figure 4a. The interfaces around HCMs can be treated by separating them into the
electrode/HCM interface and the HCM/perovskite interface. For the electrode/HCM interface,
we consider only the interface dipole, which has been discussed extensively for the
metal/organic semiconductor interface*?. Band bending of the HCM layer is ignored because
this layer is too thin (on the order of 1 nm) to hold a sufficient magnitude of the band
bending®. The magnitude and the origin of the interface dipole will be discussed later in the
framework of the dipole layer at the metal/organic interface*?. In contrast to the
electrode/HCM interface, there are no established models for the HCM/perovskite interface.
We apply the semiconductor heterojunction theory*!, treating both HCM and perovskite
layers as semiconductors with different band gaps. This means that hole conduction occurs
through the HOMO level of the HCM and the VB edge of the perovskite. This is different
from the previously discussed model based on the Schottky model (Figure 1¢) in which the
HCM is treated as a work function modifier of the electrode. It has been reported that the
density of deep defect levels on the perovskite surface is extremely low (below 10 ppm).
Therefore, the Fermi level of the perovskite layer is not pinned when it reaches thermal
equilibrium with the substrate. As a result, the Fermi level can shift across the entire
bandgap®¢. Therefore, it is reasonable to consider band bending on the perovskite side in this
model as well.

Figure 4b illustrates a procedure for constructing an energy level diagram with band
bending at the HCM/perovskite heterojunction. Prior to contact, the energy levels align to the
vacuum level. Upon contact, the Fermi levels of the two layers equilibrate. This interaction
causes the vacuum levels to bend continuously from the HCM to the perovskite, while
maintaining the ionization energy and the electron affinity.

The hole collection efficiency is influenced by the band bending direction and the barrier
height at the interface (Figure 4b), as summarized below:

1) The band bending direction is determined by the work function difference (A®) between
the HCM (@ycm) and the perovskite (Ppyk). When @ycm > Ppyk (positive AP), VB
and CB of the perovskite bend upwards towards the interface, which is favorable for hole

collection and electron blocking. When @ycm = Ppyk, no band bending occurs.

p.9
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236 Conversely, when @ycy < @pyk, VB and CB bend downwards towards thegnterfaces sraosr4on
237 which is not preferable for hole collection.
238  2) The barrier height at the interface for holes (AEy) is determined by the difference in

239 ionization energy between the HCM (IEgcm) and the perovskite (IEpyk). A negative
240 barrier height AEy = [Egcm — [Epyk is favorable for hole collection. On the other
241 hand, the barrier height for electrons (AE¢) is influenced by the difference in electron
242 affinity between the HCM (EAycym) and the perovskite (EApyk). A large negative value
243 of EAgcm — EApyk s favorable for efficient electron blocking.
244
(a) (b)
Dipolel e _ Vacuum Level Vacuum Level:
&> Band tiendlng T 1 w
» T —— VL.  Ecuew qpyi [Epvk Ec Hom :
EEL T Mo APrcwm l Ecpyk —L
é _@__} E‘: IE;icys T ; :ltgct E. PV:
% "B iJ‘ Eg----- R “*”*A“E“'*-‘:—'—:“A“‘F'
= g)\\E@\ B, = L AE, Eypw = v : qA¢
V HCM V HCM ] Ey pyk
Electrode HCM Perovskite HCM Perovskite

Figure 4. (a) Energy level alignment at electrode/HCM/perovskite interfaces proposed in
this work. (b) Energy levels and band bending focusing on the HCM/perovskite interface,
which is treated as a semiconductor heterojunction. The left side illustrates the energy levels
prior to contact, which align to the vacuum level. The right side illustrates those after contact,
wherein the energy levels align at the Fermi level.
245
246 2.4. Model Validation Using Representative HCMs
247 We apply our heterojunction model to MixA-PVK1, whose photovoltaic performance has
248  been discussed above (Figure 3). As shown in Figure 5a, the upward band bending A® of
249  0.68-1.11 eV occurs in the perovskite layer toward the interface for all HCMs. An energy
250  barrier AEy of 0.23 eV is predicted for 2PACz, whereas no AEy is predicted for MeO-
251  2PACz and 3PATAT-C3. As a result, MeO-2PACz and 3PATAT-C3 can efficiently collect
252 holes, but 2PACz cannot. This prediction is consistent with the low photovoltaic performance
253  observed in 2PACz. This is a good example of hole collection efficiency being governed by
254  AEy. Because the energy barrier AEvy is determined by the ionization energy, the vacuum
255  level alignment model (Figure 1a) is able to explain the photovoltaic performance by chance.
256 We apply the present model to other perovskites, including MixA-PVK2, MAPbI;>3, and
257  FASnl;>*. In MixA-PVK2, the band bending A® plays a main role. Figure 5b shows the

258  energy level alignment between the HCMs (2PACz and MeO-2PACz) and MixA-PVK2.
p. 10
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259  Their energy parameters are obtained from the literature?’. The energy barriers AEy. ofi0z0/0511047401
260  2PACz and MeO-2PACz are 0 eV and -0.5 eV, respectively. Thus, no AEy for hole

261  collection is formed at the interface. However, A® differs between them; it is 0.3 eV for

262  2PACzand -0.1 eV for MeO-2PACz. Therefore, our model predicts that 2PACz exhibits

263 higher hole collection efficiency than MeO-2PACz. Al-Ashouri and coworkers showed that

264  the hole collection efficiency of 2PACz is more than two orders of magnitude higher than that

265  of MeO-2PACz?, consistent with the prediction by our model.

266
8
2
3 (a) (b)
2 -y Ap:1.11 eV
2 Bells 5 m 4068V 4p077ev . AP0V VL.
o === m s
3o B vL
5 = LUMO — |
g W 3.0 - IS = ||
P g 20 - -
o \
IS 1
S 3 10 1 \% s \% E. — 0SS _O
2 L e Ep -----moomomeosmoeeeeoeeeeo E
i 1.0 | HOMORRR. B. - - or=m— g &
O
. -2.0 T i~ B
S 2PACz MixA-PVYK1 MeO-2PACz 3PATAT-C3 2PACz MixA-PVK2 MeO-2PACz
3 AE,:0.23 eV
@
= Figure 5. Energy level diagrams at HCM/perovskite interfaces. The perovskites are (a)
é CS0.05FAO'80MAO‘15Pb12.75Br0'25 (MIXA PVKI) and (b) CSO'OjFAO'73MAO'22PbIZ31Bf0'69 (MIXA
B
2 PVK2).
'_

267

268 We also discuss MAPbI;, a prototypical lead perovskite. This perovskite is characterized by a

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

269  small work function @pyg of 4.05 eV and a small ionization energy IEpykx of 5.52 eV3. As

(cc)

270  aresult of the low @®pyk, an upward band bending A® is predicted for all combinations of
271  HCMs, which makes band bending for hole collection preferable, as shown in Figure S5a.
272 However, the energy barrier AEy affects photovoltaic performance. We cannot find any
273 reports on the photovoltaic performance of 2PACz and MAPDI;, likely because of their poor
274  performance. 3PATAT-C3 forms an energy barrier AEy 0of 0.02 eV, comparable to the thermal
275  energy at room temperature (approximately 0.026 eV). Unfortunately, solar cell data are not
276  available for 3PATAT-C3, probably because it is a new HCM. Nevertheless, we predict good
277  performance because of the upward band bending A® and the negligible energy barrier AEYy;.
278  Conversely, MeO-2PACz forms no energy barrier AEy at the interface, consistent with a
279  report on a high PCE of 19.8% for inverted PSCs using MeO-2PACz>.

280 The next example is a promising candidate for lead-free perovskite, FASnl;. This tin

281  perovskite is characterized by a large work function @pyx of 4.83 eV and a small ionization
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282  energy IEpyk of 5.31 eV Figure S5b shows the energy level alignments between FASHI 1100
283  and HCMs, 2PACz and MeO-2PACz, together with conventional hole-collecting layers, such
284  as PEDOT:PSS and NiOx. Table S1 summarizes photovoltaic performances from the literature
285  together with band bending A® and barrier height AEy. In general, a large work function
286  ®pyk and a small ionization energy IEpyk for FASnl; lead to downward band bending A®
287  and/or positive energy barrier AEy, resulting in low hole collection efficiency. This prediction
288  is consistent with the finding that HCMs are not effective for FASnl; PSCs*’. It is essential to
289  develop HCMs with a small ionization energy [Eycym. As we will discuss later, the ionization
290  energy IEgcMm is determined by the ionization energy of the isolated molecule, indicating that
291  the carbazole-based HCMs may not be suitable for the tin perovskite. The present carbazole-
292 based HCMs can be used if the work function @pyyk of the tin perovskite is decreased by n-
293 doping. This issue may be resolved by the low coverage of the 4-XPBA (X =N, C, TF, and F),
294  as discussed below*’. On the other hand, the model predicts good photovoltaic performance for
295  FASnl3 with PEDOT:PSS, consistent with the excellent Voc, Jsc, and FF values (Table S1).
296  Furthermore, a high PCE of 14.81% has been achieved in the system modified with a 2D
297  perovskite®®. In the case of NiOy, the energy barrier AEy is predicted, similar to that of 2PACz.
298 A comparison of photovoltaic parameters indicates that both hole collecting materials show
299  inferior PCE®. Further quantitative investigation is needed to clarify how the band bending
300 A® and the energy barrier AEy influence Voc, Jsc, and FF. Through these results, we have
301  demonstrated that our heterojunction model can predict the photovoltaic performance of four
302  perovskites, which are characterized by different combinations of work functions @ and
303  ionization energies IE, namely, MixA-PVK1 (small @ and large IE), MixA-PVK2 (large @
304 and large IE), MAPDI; (small @ and small IE), and FASnI; (large @ and small IE).

305

306  2.5. General Applicability of the Model to Diverse HCM and Perovskite Systems

307 Next, we extend our model beyond the carbazole-based systems discussed above. We survey
308 literature comparing two or more HCMs in terms of energy levels and photovoltaic performance.
309 In one example, the improved performance of a newly developed HCM is demonstrated
310  compared with conventional HCMs, such as 2PACz and MeO-2PACz. In other examples, a
311  series of HCMs with different substituents are compared to elucidate substituent effects. Using
312 data from those studies, we examine the correlation between photovoltaic performance and hole
313  collection efficiency predicted by our model.

314 We investigate the following representative compounds: Me-PhpPACz, in which a benzene
315  ring is introduced into the linker to enhance conductivity and photostability*}; Br-2EPT, which
316  employs a phenothiazine backbone as a cost-effective alternative to the carbazole backbone*4;
317  MeO-BTBT, which is based on the BTBT backbone known for its air stability and superior
318  hole-transporting properties*>; 4PADCB, which extends the n-conjugated carbazole system and
319  introduces steric hindrance to suppress molecular aggregation*¢; IDCz, which incorporates two

p. 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta04749h

Page 13 of 35 Journal of Materials Chemistry A

ew Article Online

320  anchoring groups to control molecular orientation and form a dense film*’; Py3, wihich wilizes o
321  a pyrene core to achieve dense film formation through n—= interactions*®; MPA-BT-XA (X =
322 C, B, and R), which employs a donor—acceptor-type backbone and carboxylic acid anchoring
323 groups®’; and 4-XPBA (X =N, C, TF, and F), a small molecule using phenylboronic acid as
324  the anchoring group®. For MeO-BTBT and MPA-BT-XA, the perovskite energy levels were
325  not reported in the same paper; therefore, we adopt literature values for a perovskite with the
326  same composition®-6!,

327 First, the relevant energy parameters are taken from the literature, and their validity is carefully
328  assessed. The determination of the perovskite valence band (VB) edge varies across studies,
329  depending on whether it is derived from a logarithmic or a linear intensity scale, hereinafter
330  referred to as Ev.rog OF Ey.Lincar, T€spectively. Based on the comparison between Evy.p o and Ey.
331 Lincar (se€ Section 4.1 of Supporting Information), we assume that Ev._o, 1s 0.3 €V above Ey.
332 Linear for references reporting only Evy_pinea. Using these values, we calculate energy barrier
333 heights AEv.Liner and AEv.og by subtracting the Evy.pineca/Ev.iog Of perovskite from the
334  ionization energy of HCMs.

335 Using these ionization energies and work functions, we predict from the energy barriers AEy,
336  and the magnitude of band bending A® whether the energy level alignment is favorable for
337  hole collection based on the model. The detailed analysis and the energy level diagrams are
338  provided in Section 4.2 of Supporting Information. These predictions are then compared with
339  reported photovoltaic performance metrics, such as Jy., V., FF, and PCE. Table 2 summarizes
340  the photovoltaic performance and the predicted hole collection efficiencies. Analysis of a wide

341  range of HCMs demonstrates that photovoltaic performance is consistently governed by the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

342 interfacial energy barrier AEy and the band bending A®. HCMs exhibiting negligible energy
343  barriers and favorable upward band bending show superior hole collection efficiency and high

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

344  photovoltaic performance, whereas downward band bending or interfacial barrier reduces PCE.

345 In most cases, the proposed model successfully explains the observed performance trends

(cc)

346  across diverse molecular backbones.

347 The only exception is the 4-XPBA (X =N, C, TF, and F) series. The trend of PCE follows the
348  magnitude of upward band bending A®; however, these HCMs form a large energy barrier, A
349  Ey,exceeding 1 eV. It appears that these HCMs function as a work function modifier, consistent
350  with the earlier model shown in Figure 1c. However, the earlier model cannot account for the
351  inferior performance of MeO-2PACz. We found that the coverage of 4-XPBA is only one-
352 quarter of that of MeO-2PACz, suggesting that holes are collected directly at the FTO electrode
353  rather than transported through the HCM. This results in 4-XPBA acting as a work function
354  modifier because of the low coverage. In contrast, MeO-2PACz fully covers the electrode,
355  resulting in an energy barrier of 0.18 eV and reduced hole collection efficiency (Figure S7h).
356 This suggests that the low hole collection efficiency of MeO-2PACz is explained by an

357  interfacial energy barrier AEy that is not included in the previous model. The hole collection
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efficiency independent of the barrier height can also be explained by the tunneling,through, the. 47401

HCM layer owing to its short molecular length compared with MeO-2PACz. The details are
discussed in Ref. 49. Overall, these results confirm the broad applicability of the proposed
energy level alignment model across diverse HCM and perovskite systems.

From these results, we conclude that HCMs exhibiting high photovoltaic performance always
possess no or negligible energy barrier AEy and favorable upward band bending A® of the
perovskite. We emphasize that these are the necessary conditions to achieve efficient hole
collection. As highlighted in recent reviews!®2>23, many other factors also influence HCM
performance, including wettability, film density and uniformity, defect passivation at the
perovskite interface, orbital overlap with the perovskite surface, charge transport properties,
grain size, and defect density*>*. However, achieving high hole collection efficiency always
requires favorable energy level alignment as a necessary condition, which must be satisfied
prior to the other factors.

Table 2. Summary of photovoltaic performance and energy parameters

Energy Parameter and
Photovoltaic Performance

Predicted Hole Collection Efficiency

Band Barrier

Jsc Voc FF PCE Predicted

Ref. HCM Bending height

[mA/cm?] \"| [%] [%] Efficiency®

Ad [eV]?) AEy [eV]?

n-Conjugated linker
43 Me-4PACz 25.23 1.177 81.30 24.14 0.43 -0.31

Me-PhpPACz 25.37 1.189 86.79 26.17 0.53 -0.22

Phenothiazine backbone

44 MeO-2PACz 24.96 1.06 80 21.16 -0.58 -0.34
Br-2EPT 25.11 1.09 82 22.44 0.02 -0.21
BTBT backbone
45 MeO-2PACz 24.62 1.134 83.45 23.29 0.10 -0.31 A
MeO-BTBT 24.82 1.159 85.28 24.53 0.21 -0.16
n-Extended backbone
46 4PACz 17.80 1.26 75.49 16.93 -0.03 0.27
4PADCB 17.84 1.30 78.70 18.28 -0.13 -0.09 A
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Dual anchoring groups DOI: 10.1039/D5TA04749H

47 IDCz-1 25.27 1.01 81.92 20.97 -0.07 -0.75 A
IDCz-2 25.43 111 81.61 23.11 0.02 -0.63 A
IDCz-3 25.59 1.16 84.74 25.15 0.27 -0.46 O

Pyrene backbone
48 2PACz 253 1.14 80.0 23.1 -0.12 -0.07 A*

Py3 26.0 1.18 85.1 26.1 -0.35 -0.40 A*

Donor-acceptor backbone

Carboxylic acid anchor

30 MPA-BT-RA 22.03 1.10 81.1 19.65 0.06 -0.24 A
MPA-BT--BA 22.76 1.12 81.0 20.58 0.60 -0.29 A
MPA-BT-CA 23.18 1.15 82.0 21.81 0.73 -0.19 O

Phenylboronic acid anchor

49 MeO-2PACz 25.85 0.45 45.3 9.27 0.38 0.18 X
4-FPBA 26.97 0.81 65.1 14.21 0.08 1.34 A
4-TFPBA 27.42 0.83 68.7 15.69 0.12 1.35 A
4-CPBA 27.66 0.84 73.0 17.00 0.28 1.47 A
4-NPBA 27.89 0.86 76.3 18.37 0.33 1.46 O

373 vandbA positive value means upward band bending and the energy barrier for holes. 9 Predicted

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

374  hole collection efficiency from band bending and energy barrier. O, A, and X denote high,

375  moderate, and low hole collection efficiency. *This prediction changes when energy barrier A

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

376  Ey is calculated using AEv.1,, (see Section 4.2 of Supporting Information).
377
378 3. Factors determining HCM ionization energy and work function

(cc)

379 To construct the energy level diagram at the electrode/HCM/perovskite interfaces, we require
380  the work functions and the ionization energies of the perovskite and HCM, as well as the work
381  function of the electrode. To understand the factors that govern the work function and the
382  ionization energy of HCMs, we measure 3PATAT-C3 films prepared on electrodes with
383  different work functions, ITO 1, ITO 2, and FTO. Figure 6a shows the UPS spectra from
384  which we determine the work function and the ionization energy. The results are summarized
385  in the energy level diagram depicted in Figure 6b. The variation in the ionization energies of
386  3PATAT-C3 among the samples is within 0.2 eV. Conversely, the work function exhibits a
387  significant difference, ranging from 4.1 to 4.7 eV. Interestingly, the work function is shifted

388  similarly to that of the respective electrodes (dotted lines in Figure 6a), meaning that the
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389  magnitude of the dipole layer generated by 3PATAT-C3, which is the differenge;in, 8otk aon
390  function between the electrodes and the HCM, is nearly constant, with only a 0.1-0.2 eV
391  wvariation. The result demonstrates that the work function of HCM is determined by that of the
392 electrode, and HCM constantly shifts the electrode’s work function through the formation of
393  aninterfacial dipole layer.
394
(a) (b)
Work Function (eV)
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Figure 6. Energy levels of 3PATAT-C3 prepared on electrodes with different work
functions. (a) UPS spectra of the secondary electron cut-off region (left) and around the Fermi
level (right). Solid and dashed lines indicate the spectra of 3PATAT-C3 and the transparent
electrode, respectively. (b) Energy level diagram at the electrode/3PATAT-C3 interface.
395
396  3.1. Magnitude of interfacial dipole layer generated by HCM
397 We further examine the interfacial dipole layer (work function shift) formed by the HCM, A
398  ¢ucm- At the metal/organic interface, various factors, including the push-back effect, interfacial
399  charge transfer, chemical interaction, and the permanent dipole moment of an organic molecule,
400  give rise to the interfacial dipole layer*?. Here, we first consider the dipole layer A¢ycm
401  generated by the permanent dipole moment of the HCM molecule p because the influence of
402  other factors on the interfacial dipole may be small®?. Considering the angle of the molecular
403 dipole with respect to the surface normal 6 and the molecular density N/A, A¢ycm can be
404  expressed using the Helmholtz equation®,
405
406 Apucy = :g‘;ﬁ = e‘g‘;";‘”} (Equation 1)
407
408  where e is the elementary charge, &, is the permittivity of the vacuum, and ee¢ is the
409  effective permittivity. To discuss the interfacial dipole layer, we experimentally examine the
410  molecular orientations of HCM on ITO and calculate the dipole moment of an isolated HCM
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411 molecule. DOI: 10.1039/D5TA04749H
412 Determining the molecular orientation of HCM on a transparent conductive electrode (ITO or
413 FTO) is not straightforward because standard techniques for analyzing molecular orientation,
414  such as variable angle spectroscopic ellipsometry (VASE), multiple-angle infrared incidence
415  resolution spectroscopy (MAIRS), near edge X-ray absorption fine structure (NEXAFS)%3:64,
416  sum frequency generation (SFG)%2, and scanning probe microscopy, do not provide reliable
417  results owing to surface roughness. In our previous work, we demonstrated that the combination
418  of UPS and metastable atom electron spectroscopy (MAES) is a powerful technique and used
419 it to determine that 3PATAT-C3 adopts a parallel orientation on ITO?®. Although both UPS and
420  MAES measure the density of states (DOS) of VB, they differ in probing depth. UPS uses
421  ultraviolet photons as an excitation source, and the probing depth is a few nanometers owing to
422 the mean free path of electrons®. On the other hand, MAES employs metastable atoms that
423  excite only the outermost orbitals®®. Figure S8 illustrates a schematic of the UPS and MAES
424  spectra for the determination of molecular orientation. The spectral intensities originating from
425 o and 7 orbitals are compared. In the UPS spectra, peaks from both orbital types are observed.
426 In the MAES spectra, the m orbital peak is prominent when the molecules assume a parallel
427  orientation. In contrast, the o orbital peak is enhanced when the molecules assume a
428  perpendicular orientation. Thus, the molecular orientation can be determined by comparing the
429  peak intensities in the UPS and MAES spectra®’-%,

430 Figures 7a and b show the UPS and MAES spectra of 2PACz and MeO-2PACz. For

431  2PACz, the peaks from 0.0 eV to 7.0 eV and around 11.0 eV are more pronounced in the

432 MAES spectrum. For MeO-2PACz, the features around 6.0 eV and 8.0 eV are more intense in
433  the UPS spectrum, whereas the peaks near 10.0 eV show greater intensity in the MAES

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

434  spectrum. To assign the observed peaks, we calculate the molecular orbital energies for single
435  molecules of 2PACz and MeO-2PACz using the density functional theory (DFT) with the

436  B3LYP functional and the basis set of 6-31G(d). The lower panels of Figures 7a and b display
437  the simulated spectra generated by convoluting the molecular orbital energy calculated for the
438  isolated molecule with Gaussian functions (FWHM of 1.29 eV). The simulated spectrum

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

(cc)

439  corresponding to the total DOS excellently reproduces the experimental UPS spectrum. Then,
440  we classify the molecular orbitals of 2PACz into three types, as shown in Figure S9a: the
441  orbitals of the carbazole backbone (denoted as 7 orbitals), the ¢ orbitals of the carbazole

442 backbone (o orbitals), and those of the anchor group (anchor). For MeO-2PACz, we also

443  consider the orbitals localized on the methoxy group (methoxy) in addition to the three orbital
444 types (Figure S9b). We simulate spectra corresponding to the partial DOS of the separate
445  groups of orbitals. We name the peaks in increasing order of binding energy, as follows: m,
446  m,,... for  orbitals; oy, ©,,... for o orbitals; a,, a,,... for the anchor group; and m; and m, for
447  the methoxy group. We cannot distinguish between o and 4 peaks owing to their proximity

448  in energy. Thus, we refer to this peak as “c; or 14" in the total DOS spectrum shown in Figure
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7a. For 2PACz, the peaks at m;, 7, G| or Ty, a,, Mg, and o3 are more intense in the MAE S z0/0574047491
spectrum than in the UPS spectrum. This suggests that both  and ¢ orbital peaks in the

MAES spectrum are more pronounced, indicating that 2PACz is tilted with respect to the ITO
normal, as illustrated in Figure 7a. For MeO-2PACz, the peaks at 65 are much stronger in the
MAES spectrum than the UPS spectrum. The predominance of ¢ orbital peaks suggests that

the carbazole backbone is perpendicular to the ITO, as schematically shown in Figure 7b.

Some peak positions in the UPS and MAES spectra differ by 0.1 to 0.2 eV. These shifts may

be due to variations in the electronic state between the outermost surface and the bulk of the
sample’, or to the kinetic energy of the emitted electron being influenced by the interaction

potential between the probe and the target surface®.
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Figure 7. Experimental UPS and MAES spectra (upper panels) and simulated total and
partial DOSs (lower panels) of (a) 2PACz and (b) MeO-2PACz. In the simulation, the

energies of the calculated molecular orbitals are indicated by vertical bars (black),

(cc)

whereas the simulated spectra (DOSs) are shown by solid lines (total DOS spectra are
shown in red and partial DOS spectra in black).
460
461 After analyzing the molecular orientations, we consider the permanent dipole moment u
462  appearing in Equation 1. The permanent dipole moment of each molecule is calculated using
463  the DFT method with the B3LYP functional and the 6-31G(d) basis set on the Gaussian 16
464  program. The magnitudes of the dipole moment perpendicular to the surface are 1.57 D for
465 2PACz, 0.77 D for 3PATAT-C3, and -0.53 D for MeO-2PACz, as shown in Figures 8a—c,
466  respectively. Considering the dipole moment perpendicular to the surface and the tilted
467  orientation of 2PACz, the substantial work function shift of 2PACz with respect to ITO is
468  understandable. In contrast, the facts that the triazatruxene backbone of 3PATAT-C3 is
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parallel to ITO?¢ and the molecular density N/A is small result in a small dipole Jayer anelaraos 4o
reduced work function shift. MeO-2PACz exhibits a small dipole moment of -0.53 D
perpendicular to the surface, leading to a minimal work function shift. It is noteworthy that
the dipole moment of MeO-2PACz is influenced by the conformations of the two methoxy
groups. As shown in Figure 8¢, the calculated perpendicular dipole moment is comparable to
the previously reported value of approximately 0.3 D for MeO-Cz (the backbone of MeO-
2PACz)?’. However, when the methoxy groups rotate to assume a downward conformation,
as depicted in Figures 8¢l and c2, the perpendicular dipole moment drastically increases to
2.41 D and 0.99 D. From our observations of molecular orientation and the small work
function shifts, we conclude that the methoxy group of MeO-2PACz adopts an upward
conformation, as shown in Figure 8c. This is confirmed by the total energies of the three
conformations calculated by DFT. The conformer shown in Figure 8c is the most stable, and
the conformers shown in Figures 8c1 and c¢2 have 49 meV and 23 meV higher energies,
respectively, than that shown in Figure 8c. These results also indicate that the most stable
conformation of the methoxy groups is upward, which contributes to the small perpendicular
dipole moment and the small work function shift.
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Figure 8. Dipole layer of HCMs. The dipole moment of an isolated molecule is calculated
using B3LYP/6-31G(d) for (a) 2PACz and (b) 3PATAT-C3. (c), (cl), and (c2) show MeO-

2PACz with different conformations of the methoxy groups. Blue arrows indicate the
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(cc)

magnitude and direction of the dipole moment. y, indicates the magnitude of the dipole
moment normal to the substrate surface. (d) Calculated work functions utilizing the

Helmbholtz equation (Equation 1) are compared with experimentally derived ones (Figure 2a).

489

490 On the basis of the molecular orientation, the molecular dipole moments, and the molecular
491  density, we calculate the magnitude of the dipole layer (the work function) using Equation 1.
492 The molecular density N/A is taken from the literature?®; it is 1.04 x 10'3/cm? for 3PATAT-
493  C3and 7.12 x 1013/cm? for MeO-2PACz. For 2PACz, we assume the same value as that for
494  MeO-2PACz. We set goir = 1.9 as it is reported that &e¢ falls in the range of 1.9 to 2.071.
495  The calculated work functions of 2PACz, 3PATAT-C3, and MeO-2PACz are 4.82 eV, 4.68

496 eV, and 4.53 eV, respectively, which align closely with the experimental values shown in
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497  Figure 8d. This agreement between the calculated and experimental values confirms thatthe xoonok
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498

magnitude of the dipole layer formed by the HCM layer is determined by the molecular

499  orientation, the dipole moment of the isolated molecules, and the molecular density. It is

500  noteworthy that the vacuum level shift predicted from the permanent dipole of the molecule is
501  always smaller than the observed value. This means that a surface-directed dipole moment
502  exists. Generally, the metal-facing dipole layer is generated at the metal/organic interface by
503  the push-back effect. Because the present dipole is in the opposite direction, it is most likely
504  generated by the chemical interaction between the electrode and the phosphonic acid anchor
505  group.

506

507  3.2. Ionization energy of HCM

508 Finally, we consider the ionization energy of the HCMs. Because of weak intermolecular
509 interactions, the energy levels (ionization energy and electron affinity) of organic

510  semiconductors (in the solid phase) are primarily determined by those of the isolated

511  molecules (in the gas phase) and perturbed by the polarization energy accounting for the

512  interaction between the ion and the surrounding neutral molecules’?. The polarization energy
513  can be further divided into electrostatic and electronic polarization contributions’-73. We
514  have demonstrated that the electronic polarization energy and the electrostatic energy can be
515  experimentally measured from the ionization energy and the electron affinity’6-78. In the

516  present HCMs, the electrostatic energy is determined by the molecular orientation’67%,

517  whereas the electronic polarization energy is determined by the molecular density®’.

518 Figure 9 shows the ionization energies and the electron affinities of the HCMs in the gas
519  and solid phases. The solid-state values are taken from the present measurements shown in
520  Figure 2. The gas-phase values are derived from the total energy difference between the ionic
521  and neutral molecules with the geometry of the neutral molecule (assuming a vertical

522 transition) using B3LYP/6-31G(d). The observed ionization energy in the solid is constantly
523  decreased by 1 eV from the corresponding value in the gas phase. The polarization energy of
524 1 eV is typical for organic semiconductors®!, confirming that the ionization energy of HCMs
525  is primarily the property of the isolated HCM molecule. Table 3 shows the calculated

526  electrostatic energy and polarization energy according to Equation S2. The difference in

527  ionization energy between the gas and solid phases is larger for 2PACz and MeO-2PACz than
528  for 3PATAT-C3. This difference is attributed to the lower electrostatic energy of 3PATAT-
529  C3 (Table 3), which can be explained by the smaller molecular density N/A of 3PATAT-
530  C3%.
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Figure 9. Ionization energy (HOMO level) and electron affinity (LUMO level) of HCMs in

@
8 the gas and solid phases.
B 532
g . . . .
5 Table 3. Comparison of electrostatic energy, electronic polarization energy,
o .
i and molecular density of the HCMs.
S
2
é E ectrcostatl Polarizatio Surface
£ HCM n energy density
S energy 132
E [eV] [eV] [10%3 cm?]
E 2PACz 0.17 1.01 7.10%
(]
o
E MeO-2PACz 0.28 0.96 7.10
g 3PATAT-C3 -0.38 1.07 1.04
é a) The molecular density of 2PACz is assumed to be
5 the same as that of MeO-2PACz.
~ 533
534 4. Conclusion
535 We examined the hole collection efficiencies of HCMs from the perspective of energy level

Open Access Article. Published on 14 March 2026. Downloaded on 3/16/2026 1:58:41 AM.

536  alignment at electrode/HCM/perovskite interfaces. To describe HCM-dependent photovoltaic

(cc)

537  performance, we established a universal model in which the HCM/perovskite interface is
538  treated as a semiconductor heterojunction, whereas the electrode/HCM interface is described in
539  terms of dipole formation at a conventional metal/organic interface. In this model, the work
540  function difference between the HCM and perovskite determines the direction and magnitude
541  of band bending in the perovskite (A®), whereas the ionization energy difference sets the
542  interfacial energy barrier (AEYy).

543 Based on energy parameters determined by UPS/LEIPS, the model consistently explains the
544  performance trends for representative carbazole-based HCMs (2PACz, MeO-2PACz, and
545  3PATAT-C3) combined with four perovskites  (CsgosFAgg0MAg 15Pbl;75Br 25,
546  Csg0sFAg73MA(2,Pbl; 31Brge, MAPDI;, and FASnl;). We further tested the model using
547  literature data on a broad set of non-carbazole HCMs, and found that the predicted hole

548  collection favorability, evaluated from A® and AEy, correlates well with reported photovoltaic
p. 23
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549  performance across diverse HCM/perovskite combinations. These results demonstrate thatahs . oior
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550

energetically favorable alignment, namely, negligible interfacial hole barriers together with

551  upward band bending on the perovskite side, is a necessary condition for efficient hole
552 collection, in which other factors, such as wettability, film uniformity, and defect passivation,
553 can provide additional improvements.

554 We also investigated the origin of the energy parameters required by this model in order to
555  provide guidelines for the selection and fabrication of HCM materials. UPS measurements
556  indicated that the work function of the HCM is primarily determined by that of the electrode,
557  which is modified by the dipole layer created by the HCM layer. We emphasized the effect of
558  the oft-overlooked electrode work function. The magnitude of the dipole layer is determined by
559  the molecular orientation and the dipole moment as expressed by the Helmholtz equation, and
560  confirmed by the molecular orientations determined by UPS and MAES in combination with
561  the calculated molecular dipole moment. On the other hand, the ionization energy of HCM from
562  the ionization energy of each molecule, which is modified by the polarization energy. Through
563  these efforts, we were able to understand all four energy parameters of HCM required for our
564 new model. Overall, the present study enabled the prediction of photovoltaic performance of
565 HCM materials and provided guidelines for the design and selection of HCMs for the hole-
566  collecting layer of high-efficiency perovskite solar cells.

567

568

569

570 5. Experimental Methods

571 2PACz and MeO-2PACz films were prepared at the University of Electro-Communications.
572 A 1 mM solution of 2PACz (or MeO-2PACz) in isopropyl alcohol (IPA) was spin-coated onto
573  an indium tin oxide-coated (ITO) glass plate. After annealing at 100 °C for 10 minutes in a
574  nitrogen atmosphere, 2PACz (or MeO-2PACz) molecules that were not adsorbed on ITO were
575  washed off with IPA, and a second annealing was performed at 100 °C for 1 minute. 3PATAT-
576 ~ C3 and mixed composition perovskite (CsgosFAg0MA( 15Pbl, 75Brg25) films were prepared at
577  Kyoto University, the details of which are described in Ref.26and Ref.39. 3PATAT-C3 samples
578  were prepared on ITO and F-doped tin oxide-coated (FTO) glass plates. The perovskite sample
579  was prepared on the ITO glass plate and HCMs coated on ITO. These sample films were kept
580 in a nitrogen atmosphere and transported to Chiba University for electron spectroscopy
581  measurements.

582 Ultraviolet photoelectron spectroscopy (UPS), metastable atom electron spectroscopy
583  (MAES), and low-energy inverse photoelectron spectroscopy (LEIPS)* were performed at
584  Chiba University. For UPS and MAES measurements, the samples were introduced into a
585  measurement chamber at a pressure of 3.2 x 108 Pa. For UPS measurement, He (photon energy
586  of 21.22 eV) radiation from a He discharge lamp (VG Microtech-, UVL-Hi and SPECS, UVS
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10/35) were used to measure electrodes and electrode/HCMs, and electrode/perovskitenos aon
respectively.) was incident on the sample at an angle of 45 °, and photoelectrons emitted normal
to the samples were analyzed by an electron energy analyzer (SPECS, PHOIBOS 100). Vacuum
levels were determined from the secondary electron cut-off measured by applying a -5 V bias
voltage to the sample. The valence band spectra were measured without the bias voltage.

For MAES measurement, metastable He atoms (He*: 19.82 eV in excitation energy) were used
as the excitation source. The measurement was performed at a He* incidence angle of 0 ° and
an electron detection angle of 60 °. A bias voltage of -1 V was applied to the sample. The
pressure during the measurement was 2.0 x 10”7 Pa. Peak positions in the UPS and MAES
spectra were determined from the minimum of the second derivative of the spectra after
smoothing four times (68 points) using the quadratic Savitzky-Golay method.

After the UPS and MAES measurements, the LEIPS measurement of the electrodes and the
perovskite sample was carried out in the same vacuum chamber as the UPS and MAES
measurements. HCM samples were exposed to the atmosphere once and introduced into
another vacuum chamber at a pressure of 1.5 x 107 Pa to measure LEIPS. Details of the
LEIPS setup and measurement are described elsewhere’*32. For HCM samples, a Cs-Te
photomultiplier tube (Hamamatsu Photonics, R821) was used to avoid electron-excited
fluorescence™. For the other samples, a bialkali photomultiplier (Hamamatsu Photonics,
R585s) was employed. Band-pass filters with center wavelengths of 285 nm and 260 nm were
used for HCMs and the other materials, respectively. The vacuum level was obtained from the
peak energy of the first derivative of the low-energy electron transmission (LEET). Electron

affinity was determined as the onset of the LEIPS spectrum with respect to the vacuum level.
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