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S1. Determining the energy levels of perovskite
S1.1. Ionization energy and electron affinity of perovskite

The ionization energy (IE) and the electron affinity (EA) of CsgsFAggoMAg 15Pbl; 75Brg s
(MixA-PVKI1) and MAPbI; are determined from the UPS and LEIPS spectra (Figure S1). The
intensity is plotted on a logarithmic scale'2. The spectrum of MAPDI; is converted from a linear
scale into a logarithmic one on the basis of the data reported in Ref. 3. The IE and EA of FASnI;
were taken from Ref. 4. These values were also determined from the logarithmic scale UPS and
LEIPS spectra.

It is noteworthy that IE can also be determined from photoemission yield spectroscopy (PYS).
In fact, IE determined from PYS (5.56 eV for MixA-PVK15, 5.46 eV for MAPbIL;® and 5.16 eV
for FAPDbI;’) shows close agreement with those obtained from the log-scale UPS. We propose
the following explanation. Depending on the experimental setup (the detection angle of
photoelectrons), the UPS sometimes cannot access the valence band (VB) edge due to the
momentum conservation®. For example, the VB edge of MAPbI; is located at the R point, which
cannot be directly measured by the normal emission UPS. Consequently very weak signals from
the VB edge are resolved in the UPS spectrum plotted on the logarithmic scale'2. Conversely,
PYS detects photoelectrons emitted at all the angles by applying a high bias voltage to the
electron detector. This enables the detection of the VB edge regardless of the momentum of the
photoelectrons.

Unfortunately, UPS data on the Ilogarithmic scale could not be obtained for
Cso.0sFAg73MA(2,Pbl; 31Brg 60 (MixA-PVK?2). Therefore, the VB edge derived from the linear-
scale spectra is used instead®. The conduction band (CB) edge of MixA-PVK2 is estimated

from the onset of optical absorption.
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S1.2. Work function of perovskite film deposited on different underlayers

The work function of perovskite can vary with that of the substrate®~13. Therefore, in this study,

we examine whether the energy levels of perovskite films on ITO are suitable for evaluating

the energy level alignment at the ITO/HCM/perovskite interfaces.

Figure S2a shows the UPS-measured work functions of MixA-PVK1 films deposited on ITO
and HCM layers. The work functions are 3.96 eV on ITO, 3.89 eV on 2PACz, 3.93 eV on MeO-
2PACz, and 3.96 eV on 3PATAT-C3. Figure S2b shows the correlation of the work function
of perovskite on each HCM with that of HCM together with pyrene-based HCMs!4. The

perovskite work function remains nearly constant regardless of the substrate work function. We

consider the following two factors to account for this observation.

[]

p.5

The perovskite depletion region terminates within its layer thickness

Cahen et al. reported that the dopant density of high-quality perovskite solar cell devices
rarely exceeds 10'6 cm=°. Equation S1 gives the depletion width of a Schottky junction. &
is the (static) permittivity of the semiconductor (halide perovskite in this study), q is the
electron charge, Np, is the dopant density, and V is the voltage difference across the sample.
Assuming &, = 30 g, and Np = 10'° cm3, we obtain Wp = 0.61 pm for 2PACz, 0.47 um for
MeO-2PACz, and 0.51 um for 3PATAT-C3. Here, the perovskite layer thickness is
approximately 600—700 nm. Therefore, the work function measured by UPS represents the
value at the termination of the depletion region. As a result, perovskite exhibits the same

work function regardless of the underlying layer.

W= (Equation S1)

qND

In contrast, other studies reported that the perovskite work function varies with the
substrate work function!®!!. Those studies used thinner perovskite layers, typically 250—
400 nm thick. The measured work function likely corresponds to an undeveloped depletion

region. This explains its clear correlation with the substrate work function.

The intrinsic carrier density of this perovskite may be relatively high.
Zohar et al. reported that the work function of Csg ¢sFA( ssM A PbBr; correlates with that
of the substrate. In contrast, MAPbBr;, CsPbBr;, and MAPbBr; (Cl; g show no such



correlation, owing to differences in their intrinsic carrier densities'. Because the
perovskite used in this study likely has a relatively high intrinsic carrier density, its work

function is not expected to correlate with that of the substrate.

In summary, we believe that the work function of the perovskite prepared on ITO can be
adopted because the perovskite is sufficiently thick to be unaffected by the substrate work
function or has a relatively high intrinsic carrier density. This work function value can therefore

be applied to the present energy level alignment model.
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Figure S2. (a) Work functions of MixA-PVKI1 films deposited on different underlayers,

measured by UPS. (b) Plots of perovskite work function versus substrate work function.
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S2. Details of previous models shown in Figure 1
S2.1. Vacuum alignment model

Figure S3 shows the energy levels of ITO, HCMs, and perovskites with reference to the
vacuum level. For ITO, the difference between the Fermi level and the vacuum level is the
work function, which is measured by UPS. For HCMs, the HOMO and LUMO levels with
respect to the vacuum level are the IE and the EA, respectively, measured by UPS and LEIPS,
as shown in Figure 2b. The VB and CB edges with respect to the vacuum level are the IE and
the EA, as discussed in S1.1 of Supporting Information.

According to this model, the LUMO levels of all HCMs are located 1.81-2.72 eV above the
CB edge of perovskites MixA-PVK2, MAPbI;, and FASnl;, indicating good electron-
blocking capability. Regarding hole collection efficiency, the HOMO level of 3PATAT-C3 is
nearly aligned with the VB edge of lead perovskites MAPbI; and MixA-PVK2. The HOMO
level of MeO-2PACz lies 0.39 and 0.31 eV above the VB edge of these lead perovskites. In
contrast, the HOMO level of 2PACz is located 0.24—0.32 eV below the VB edge. These
results suggest good hole collection efficiency for MeO-2PACz and 3PATAT-C3 only.
Regarding tin perovskite FASnl;, the VB edge is located 0.23—0.53 eV above the HOMO
levels of 2PACz and 3PATAT-C3 and 0.10 eV below the HOMO level of MeO-2PACz,
yielding superior photovoltaic performance compared with 2PACz, as shown in Table S1.

This energy level diagram demonstrates the inferior photovoltaic performance of 2PACz
(Figure 3 and Table 1). However, this model is too simplified, contradicting the observed
vacuum level shift between the HCM and the electrode (Figure 2a), as discussed in the main

text.
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Figure S3. Energy level diagram of ITO, HCMs, and perovskites with reference to the vacuum
level. MixA-PVK1 and MixA-PVK2 represent the perovskites with compositions
Cso.0sFAg.s0MA(.15Pbl; 75B1g25 and Csg ¢sFAg73MAg2:Pbl, 31Brg 69, respectively. MixA-PVK 1
corresponds to the perovskite measured experimentally in this work. The solid and dashed lines
of the VB edge of the perovskites are determined from the logarithmic and linear scales of UPS
spectra, respectively. For the CB edge of the perovskites, the solid and dotted lines are
determined from the logarithmic scales of LEIPS spectra and the optical band gap.

S2.2. Fermi level alignment model

The energy level diagram of this model is shown in Figure 2c. The LUMO levels of all
HCMs are located at 1.93-3.21 eV above the CB edge of the perovskites. Except for the
interface between the HCMs and FASnl;, the HOMO levels of all HCMs are positioned 0.09—
1.08 eV above the VB edge of the three lead perovskites. Although an interface dipole layer
0f 0.47 eV in 2PACz is observed, the HOMO and LUMO levels are similar among these
HCMs. Therefore, this model cannot explain the difference in photovoltaic performance

depending on the HCMs (Figure 3) and thus is not applicable to the HCM/perovskite interface.
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S2.3. Schottky model considering the interface between HCM-modified electrode and
perovskite

Figure S4 shows the energy level diagrams based on the Schottky model, in which HCM is
treated as a work function modifier; that is, ITO/HCM is treated as an electrode. Figure S4a
shows the energy level diagram for MixA-PVKI1. A large upward band bending of 0.68—1.11
eV and a high hole collection efficiency are predicted. However, this model is not consistent
with the poor photovoltaic performance of 2PACz. For MixA-PVK2 (Figure S4b), an upward
band bending of 0.3 eV for 2PACz and 0.03 eV for 3PATAT-C3 is favorable for hole
collection and electron blocking, whereas the small downward band bending of 0.1 eV for
MeO-2PACz indicates poor electron blocking (The work function values of 2PACz and MeO-
2PACz are taken from the literature. Ref. 8). Al-Ashouri et al. reported photovoltaic
performance using 2PACz (PCE of 20.9%) and MeO-2PACz (20.4%)8. This difference in
photovoltaic performance is, by chance, in good agreement with the Schottky model
prediction because there is no energy barrier at the interface (Figure 5b).

As shown in Figure S4c, this model predicts an upward band bending of 0.59-1.02 eV for
MAPDI;, similar to that for the above-mentioned MixA-PVK1. Unfortunately, we cannot find
literature comparing the photovoltaic performances of these HCMs with that of MAPbI;.
Finally, for FASnI;, the band bending direction varies with HCM owing to the large work
function of 4.83 eV (Figure S4d). For 2PACz, an upward band bending of 0.24 eV is
predicted. In contrast, the downward band bending of 0.19 eV and 0.10 eV is expected for
MeO-2PACz and 3PATAT-C3, respectively, indicating particularly low hole collection
efficiency predicted for the latter. However, the device with MeO-2PACz exhibits a high PCE
(Table S1), contradicting the Schottky model prediction.
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S3. Hole collecting layer/perovskite interface energy levels for MAPbI; and FASnI;
based on the proposed model
Figures S5a and b show the interfacial energy level alignment for MAPbI; and FASnI;,
respectively, based on our proposed model, supplementing Figure 5 in the main text.
Regarding the energy level diagram for PEDOT:PSS/FASnI;, because the energy parameters
of FASnlI; have been reported along with the photovoltaic performance, we refer to Ref.15 to
strengthen the reliability of our analysis. Table S1 summarizes band bending A%, barrier

height AE

V, and photovoltaic performance when FASnl; is used as the perovskite layer. The
relationship between solar cell performance and energy level alignment is discussed in

Section 2.4 of the main text.
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are also shown in addition to HCMs.
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Table S1. Performance parameters of FASnl; perovskite solar cells using different hole-

collecting layers.

Energy Parameters and

Solar Cell Performance Predicted efficiency

) . bib) Predicted

G S o
2PACz 16 11.7 0.320 470 1.8 0.24 0.53 X
MeO-2PACz 16 16.7 0403 608 4.1 -0.19 -0.10 X
PEDOT:PSS 15,17  21.19 0.66 0.67 9.38 0.25 -0.07 o
NiOx 18,19 17.26 0.363 56.3 3.53 0.27 0.09 X

a)andb) A nositive value means the upward band bending and the energy barrier for holes. 9o
and X mean predicted high and low hole collection efficiencies, respectively.
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S4. Validating the general applicability of the proposed energy level alignment model
S4.1. Comparison of UPS-derived valence band edge of perovskite using linear and
logarithmic scales

Some studies reported only VB edge values derived from spectra plotted on a linear scale.
Therefore, we compare VB edge values derived from spectra plotted on linear (Ey _pinesr) and
logarithmic (Ev.1.g) scales to estimate Ey.o, position systematically.

Figures S6a and b show the UPS spectra of MixA-PVK1 and MAPbI; plotted on both linear
and logarithmic scales. The differences between Ev.pincar and Ev._og are 0.25 €V and 0.28 eV,
respectively, for the two perovskites. In addition, Zu et al. and Menzel et al. reported
differences of 0.23 eV and 0.45 eV, respectively>?°. We assume that Evy.og iS approximately
0.3 eV shallower than Ey._p i, for literature data reporting only Ev._p inear, based on the average

differences.
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Figure S6. UPS spectra of perovskite are shown on both linear and logarithmic scales.

(a) MixA-PVK1 and (b) MAPbI;.
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S4.2. Verification of universality of the proposed model

We test the universality of our model by comparing it with the reported photovoltaic
performance of various HCM molecules, discussed in Section 2.5 of the main text. Here, we
provide a detailed analysis of each set of HCMs using energy level diagrams constructed from
our model. In the model, the energy barrier AE, and the band bending A® determine the hole
collection efficiency. These quantities are derived from differences in ionization energy and
work function, respectively, between HCM and perovskite. For the perovskite ionization
energy, we use values determined from the VB edge on both linear E, | i, and logarithmic E,.
Log intensity scales. Except for the cases of 4PADCB?! and 4-XPBA?2, only Evy.pinear Values are
reported. In these cases, Ey.1o, 1s estimated using the method described in S4.1 of Supporting
Information. Figures S7a—h show the energy level alignments at the HCM/perovskite interfaces.
The evaluated hole collection efficiencies are compared with photovoltaic performance in Table
2 of the main text.

Figure S7a shows the energy level diagrams for Me-PhpPACz?* and Me-4PACz. Neither
HCM forms an energy barrier AEy._pinear at the HCM/perovskite interface when the barrier is
derived from the linear-scale UPS spectrum. Conversely, for the log-scale spectrum, AEy.1 o,
values are non-zero but small (below 0.1 eV). An upward band bending A® of 0.53 eV is
predicted for Me-PhpPACz, which is 0.10 eV larger than that for Me-4PACz. This indicates
that Me-PhpPACz provides more favorable energy level alignment for efficient hole collection
than Me-4PACz.

Figure S7b shows the energy level diagrams for Br-2EPT?* and MeO-2PACz. No energy
barrier AEy.pinear 1S €xpected for either molecule (a small negative AEy 1o, < —0.1 €V appears
for Br-2EPT). However, forMeO-2P ACz, a large downward band bending A® of 0.58 eV is
predicted because of its low work function Pricm . Consequently, lower photovoltaic
performance is predicted for MeO-2PACz than for Br-2EPT.

Next, we examine MeO-BTBT? in comparison with MeO-2PACz (Figure S7¢). On a linear
scale, no energy barrier AEvy._pinear 1S €xpected for either molecule, whereas a moderate barrier
AEy. 104 0f 0.14 eV is formed only in MeO-BTBT. This may be because the perovskite energy
levels were not measured in the same study?®. It is preferable that the energy parameters of
HCM and perovskite be measured simultaneously. MeO-BTBT exhibits an upward band
bending A® of 0.21 eV, which is 0.11 eV larger than that of MeO-2PACz. This suggests that
MeO-BTBT provides more favorable energy level alignment for hole collection than

MeO-2PACz.
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The energy level diagrams for 4PADCB and 4PACz?! are shown in Figure S7d. Both HCMs
show small downward band bending A®. However, 4PACz exhibits a large energy barrier AEy.
Log 0f 0.27 eV, whereas 4PADCB shows no AEy.1, barrier. This indicates that hole collection
is higher in 4PADCB than in 4PACz.

The energy level diagram for IDCz?’ is shown in Figure S7e. There are no energy barriers
(AEv_Linear OF Evy.1g) for any of these molecules, indicating that the hole collection efficiencies
are governed by band bending. A® is downward for IDCz-1 and upward for IDCz-2 and
IDCz-3, the latter showing the largest upward A® of 0.27 eV. The predicted order of hole
collection efficiencies is IDCz-1 < IDCz-2 < IDCz-3, in good agreement with the observed
photovoltaic performance (Table 2 of the main text).

The energy level diagram for Py328 is compared with that for 2PACz in Figure S7f. No energy
barrier AEvy . ineqr 1S formed for either molecule. Given the magnitude of A@, 2PACz is expected
to exhibit superior solar cell performance; however, this result contradicts the actual
photovoltaic performance, likely due to the method used to determine VB edge. When the Ev.
Log 18 used for this test, a large energy barrier AEy.1,, 0f 0.23 €V is predicted only for 2PACz.
Given that band bending is downward in both cases, the barrier AEy observed only for 2PACz

can account for the relative difference in photovoltaic performance between the two molecules.

Next, Figure S7g shows the energy level diagrams for a series of donor—acceptor-type HCMs,
MPA-BT-XA (X =C, B, and R)?°. Although the energy parameters of the perovskite layer were
obtained from publication by the same group?’, no energy barriers AEy. jnear Were predicted for
any of them. If the log-scale value Ev.1 ., 1s applied, negligible barriers AEy.1 o, of up to 0.1 eV
appear for all. MPA-BT-CA exhibits the largest upward band bending A® of 0.73 eV, followed
by MPA-BT-BA and MPA-BT-RA. The photovoltaic performance follows the same order,
MPA-BT-RA < MPA-BT-BA < MPA-BT-CA.

Finally, Figure S7h shows the energy level diagrams for 4-XPBA (X = N, C, TF, and F)?,
with MeO-2PACz used as the reference. In this work, FTO is used as the electrode. At the
pristine FTO/perovskite interface, downward band bending A® is predicted, hindering efficient
hole collection. In contrast, upward A@® is calculated with magnitudes of the order MeO-2PACz
(A® =0.38 eV) > 4-NPBA (0.33 ¢V) > 4-CPBA (0.28 ¢V) > 4-TFPBA (0.12 ¢V) > 4-FPBA
(0.08 eV). Meanwhile, barriers AEy.; o, are quite large for 4-XPBA (1.3-1.5 V) and moderate
for MeO-2PACz (0.18 eV). From these results, one can predict the best photovoltaic

performance for MeO-2PACz; however, the actual photovoltaic performance does not follow
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this trend (Table 2 of the main text). We interpret this discrepancy by considering the low
surface coverage of the 4-XPBA series. Based on XPS signal intensities, we estimate that the
surface-adsorbed density of 4-XPBA 1is approximately one-quarter of that of MeO-2PACz.
Consequently, holes are collected through the HOMO of MeO-2PACz owing to its dense layer.
In contrast, in the sparsely covered 4-XPBA films, holes are collected through the uncovered
electrode regions. This indicates that 4-XPBA acts not as a semiconductor but as a work
function modifier (see Ref. 22 for details).
Based on the above discussions, our proposed model is broadly applicable not only to

carbazole derivatives but also to other HCMs. Furthermore, with minor corrections, the model
can be applied to systems with low surface coverage, supporting its universality. We confirm

that relative comparisons within the same study remain valid.
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Figure S7. Energy-level alignment at the HCM/perovskite interface based on our proposed
model. (a) Me-4PACz and Me-PhpPACz, (b) MeO-2PACz and Br-2EPT, (c) MeO-2PACz and
MeO-BTBT, (d) 4PACz and 4PADCB, (e) IDCz-1, IDCz-2 and IDCz-3, (f) 2PACz and Py3,

(g) MPA-BT-CA, MPA-BT-BA and MPA-BT-RA, and (h) FTO, 4NPBA, 4CPBA, 4TFPBA,
AFPBA and MeO-2PACz.
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S5. Principles of molecular orientation analysis using UPS and MAES

Figure S8 shows the schematic of UPS and MAES spectra for different molecular
orientations. As UPS utilizes ultraviolet photons as the excitation source, the probing depth is
limited to a few nanometers by the elastic mean free path of electrons. Conversely, MAES
utilizes metastable atoms (He*) instead of ultraviolet photons as the excitation source. These
atoms only interact with the outermost orbitals of the samples, realizing extremely surface-
sensitive measurement.

For planar n-conjugated molecules, both ¢ and = orbitals of the HCM molecules are
observed in UPS, regardless of the molecular orientation. In contrast, the signal intensity is
dependent on the orbital nature in MAES. When molecules adopt a parallel orientation to the
substrate surface, the metastable atoms strongly interact with the m orbitals, resulting in a
prominent &t peak (upper panel). When molecules adopt a perpendicular orientation, He*
interacts with the o orbitals, leading to a noticeable ¢ peak (lower panel). Therefore, we can
determine the molecular orientation by comparing the intensity of the « or ¢ orbital peaks in

the MAES spectrum with that in the UPS spectrum.

Ultraviolet photoelectron Metastable atom electron
He | He* spectroscopy spectroscopy
21.22eV 19.82 eV

o T T
12‘ ot
c =
B - O
Energy . Energy
0] T
Py =
: j\ /\ :
[ = c
8] 2
£ £
Energy ’ Energy

Figure S8. Schematic of UPS and MAES spectra for different molecular orientations. Upper
and lower illustrations represent the shapes of the UPS and MAES spectra when HCM
molecules adopt a parallel orientation and a perpendicular orientation to the substrate surface,

respectively.
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Figure S9 shows examples of molecular orbital classification for reproducing the spectrum
corresponding to each orbital. The orbitals are calculated using the density functional theory

(DFT) method with the B3LYP functional and the 6-31G(d) basis set on the Gaussian 16

program.

(a) (b)

n orbital o orbital anchor n orbital o orbital anchor methoxy

Figure S9. Examples of molecular orbital classification for (a) 2PACz and (b) MeO-2PACz.

S6. Calculation of electrostatic energy and polarization energy
The electrostatic energy and the polarization energy are calculated using the following

equations (Equation S2), respectively?!,

I,+A,-(Ig+Ag)-A L +A_

s=1
2 (Equation S2)
D= 3

where [ and 4 are the ionization energy and the electron affinity, respectively. Subscripts 'g'

and 's' represent the gas phase and solid phase, respectively. Al and A are corrections from

the HOMO and LUMO bandwidths, respectively, owing to the intermolecular quantum

A

mechanical electronic coupling. The terms =~ + and A were ignored in this work.
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