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Ultrafast Electron-Transfer Via Hybrid States at

Perovskite/Fullerene Interface

Zhigiang Guan, Yang Li, Ping Man, Hongji Tan, Qi Wei, Jinjie Liu, Mingjie Li,

Thuc Hue Ly, Jun Yin,* and Chun-Sing Lee*

Interfacial charge-transfer between perovskite and charge-transport layers
plays a key role in determining performance of perovskite solar cells. The
conventional viewpoint emphases the necessity of favorable energy-level
alignment of the two components. In recent reports, efficient electron-transfer
is observed from perovskite to fullerene-based electron-transport layers even
when there are unfavorable energy-level alignments, but the mechanism is
still unclear. Here, using an ultrafast in situ two-photon photoelectron
spectroscopy, real-time observations of electron-transfer processes at

CsPbl, /C,, interface in both temporal and energetic dimensions are reported.
Due to strong electronic coupling, a large amount of interfacial hybrid states
is generated at the interfaces, aiding fast photoinduced electron-transfer in
~124 fs. This process is further verified by nonadiabatic molecular dynamics
simulations and transient absorption experiments. The short timescale

Among the state-of-the-art devices, high
internal quantum efficiencies approach-
ing unity are achieved, indicating ~100%
charge extraction efficiency from per-
ovskite via charge-transport layers (CTL)
and finally collected by electrodes.>®! In
the conventional viewpoint, such effec-
tive charge-transfer from perovskite to
CTL requires a favorable energy cascade.
In terms of electrons, this means that
electrons’ transporting energy-level of an
electron-transport layer (ETL) is lower than
that of perovskite.”®] On the other hand,
a major factor that currently limits PCE of
perovskite solar cells is the mismatch of
quasi-Fermi level splitting and open-circuit

explains why electron-transfer can overcome unfavorable energy-level

alignments, providing a guideline for device design.

1. Introduction

Perovskite solar cells are drawing tremendous interest as a
promising next-generation photovoltaic technology with a rapidly
increasing power conversion efficiency (PCE) exceeding 26%.['*]
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voltage (Vo)1 The “favorable” energy-
level alignment; however, will inevitably
cause energy loss when the electron goes
down the cascade and also potentially lead
to more non-radiative recombination due
to back-transfer of electrons, further aggravating this mismatch
and reducing V.1

Theoretically, an ETL with a higher the lowest unoccupied
molecular orbital (LUMO) can decrease such V. loss at the
cost of an unfavorable electron-transfer at perovskite/ETL in-
terface. Interestingly, recent reports showed that the unfavor-
able energy barriers seem not to weaken charge extraction abil-
ity, which is somewhat counterintuitive because the electron-
transfer rate should be very sensitive to the energy barrier due
to its exponential relationship with the barrier height.['?] For
example, Wolff et al. compared fullerene and its derivatives as
ETLs. They found that the solar cell using indene-Cg-trisadduct,
whose LUMO was 0.64 eV higher than conduction band min-
imum (CBM) of perovskite, showed a comparable short-circuit
current (J, ) with the device using C,, whose LUMO was 0.21 eV
lower than perovskite’s CBM.I"*] This similar electron extrac-
tion was attributed to the fullerene derivatives’ LUMO tail states
down to the perovskite’s CBM. Similarly, Xue reported that a
device using another fullerene derivative of 56x-electron dihy-
dromethano/indene fullerene, whose LUMO was 0.24 eV higher
than CBM of perovskite, kept the same Jg; while, delivering
a higher V.. They attributed the improvement of device per-
formance to the passivation effect.'*] In addition, Hu et al.
demonstrated that by using a fullerene derivative of indene-Cg,-
propionic acid hexyl ester (IPH), whose LUMO was 0.2 eV higher
than the CBM of perovskite, both V- and Js. could be enhanced
simultaneously. The authors attribute the improvement of charge
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extraction to an improved electron mobility and smaller electron
capture radius of IPH.I") This effective charge extraction was
also observed in perovskite/inorganic ETL interface. For exam-
ple, Ding et al. observed an efficient electron-transfer from per-
ovskite to ZnO with higher CBM of 0.2 eV. It is suggested that
some shallow defect states in ZnO layer can provide additional
pathways for charge transfer.['®] These results show that energy
barriers of ~0.2-0.3 eV have no obvious adverse effect on elec-
tron extraction from perovskite to ETLs. This implies that other
than the energy-level alignment, there should be additional fac-
tors dominating the charge-transfer process at perovskite/CTL
interfaces. Up till now, it is still not clear how such “unfavorable”
energy-level alignment can be overcome to achieve the observed
effective charge-transfer.

Here, by combining time-resolved spectroscopic techniques
and theoretical approaches, we probe the electron-transfer pro-
cess at the interface between an all-inorganic perovskite of ce-
sium lead iodide (CsPbl;) and a common-used ETL of C, with
an “unfavorable” energy-level alignment. Experimentally, we use
ultrafast in situ two-photon photoelectron spectroscopy (2PPE)
to track the electron dynamics in both energetic and temporal
dimensions. Interestingly, we find that there exists strong in-
terfacial hybrid states through which photo-generated electrons
in CsPbl, can swiftly transfer to C,, with a time constant of
~124 fs. Theoretically, we carry out density functional theory
(DFT) calculations to locate the interfacial hybrid state originat-
ing from the electronic coupling between CsPbl, and Cg,. The
ultrafast process observed in the 2PPE experiments is consis-
tent with simulation results from nonadiabatic molecular dy-
namics (NAMD) and experimental results from transient ab-
sorption (TA) spectroscopy. We relate the efficient charge-carrier
extraction across energy barrier to this short electron-transfer
timescale, which results from the strong electronic coupling ef-
fect. The revealed mechanism provides a guideline for designing
high-performance perovskite solar cells.

2. Results and Discussion

The CsPbl, /Cq, pair is used here as a prototypical perovskite/ETL
system. Both materials are prepared in an ultra-high vacuum en-
vironment in order to keep a “clean” surface. A 20 nm CsPbl,
film is first prepared using a dual-source co-evaporation method
(see Experimental Section). X-ray diffraction result shows that the
CsPDbl, is a y-phase and orthorhombic crystal system (Figure S1a,
Supporting Information).'”] Its optical bandgap is estimated to
be 1.75 eV according to the tauc plot (Figure S1b, Supporting
Information). Considering the exciton binding energy of CsPbl,
is ~ 20 meV, we calculate its electronic energy gap (E,) to be ~
1.77 eV.181 C( of different thicknesses is then deposited step-
wise onto the CsPbI, film. Absorption, atomic force microscopy,
and X-ray photoelectron spectroscopy results indicate successful
deposition of C, layer on CsPbl, (Figures S1-S3, Supporting In-
formation). Stable core-level peaks of Cs, Pb, and I elements also
demonstrate that the deposition of C, does not induce chemical
change on the CsPbI,;.

For perovskite/C, system, in some literatures, the typical
CH;NH,PbI,;/C,, combination is described as a type-II het-
erojunction with the LUMO of C, lower than the CBM of
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CH;NH,PbI,."%21 On the other hand, some photoelectron spec-
troscopic experiments demonstrate that the LUMO of C is very
close or even higher than the CBM of some perovskites, suggest-
ing that actual interfaces vary depending on different preparing
methods, terminations, and components.[?!2*] To observe elec-
tronic structures of our CsPbl,;/C, system, in situ ultraviolet
photoelectron spectroscopy (UPS) is carried out on the systems
with C, thicknesses of 0, 2, 4, 10, and 20 A, respectively. It has
been reported that due to the low density of states (DOS) at va-
lence band maximum (VBM) of perovskite, specific analysis on
UPS data is required to accurately find the energy position.!*]
The background from the satellite emission is first subtracted
from experimental data according to ref. [26]. Second, to ex-
tract the individual energy edge from the combined bilayer, a
global fitting method is applied (Figure S4 and Note S1, Support-
ing Information). The obtained energy-level diagram is shown
in Figure la. Vacuum-levels of CsPbl; and adjacent C, layer
present negligible difference, indicating a vacuum-level align-
ment condition (Figure S5, Supporting Information). As for the
increase of C, thickness, the energy levels slightly upshift, sug-
gesting the electron-transfer from CsPbl; to C,. Based on the
E, of CsPbI; and Cy, (E, = 2.3 eV),l?!] the CBM of CsPbl; and
the LUMO of 2 A Cy, layer can be determined, respectively as
0.2 and 0.33 eV above Fermi level (Ej). This means thata 0.13 eV
electron extraction barrier exists from CsPbl; to C,, which is an
unfavorable energy-level alignment but suitable for our study.

A commonly used experiment for verifying the occurrence
of charge-transfer process is the quench of photoluminescence
(PL) intensity when perovskite is attached with a CTL layer.[?7-2#]
Figure 1b shows the PL spectra of pure CsPbl; and CsPbl,/Cq,
bilayers. The CsPbl, film exhibits an obvious PL peak at 700 nm,
corresponding to the E, of 1.77 eV. Upon deposition of Cq, this
peak is strongly quenched, indicating the efficient charge trans-
fer. The PL spectra with longer excitation wavelength of 550 nm
is exhibited in Figure S6, Supporting Information for compari-
son. Similar quenching can be observed, proving the occurrence
of charge-transfer.

Another method to check this process is to observe the life-
time of charge carriers in perovskite using time-resolved PL
(Figure 1¢).[?%29) The charge-transfer provides an additional de-
cay route for charge carriers in perovskite in addition to typical
trap-induced and bimolecular recombination,*°! leading to the
decrease of PL lifetime. Figure 1c compares the charge carriers’
lifetimes of CsPbl; and CsPbl,/Cq, bilayer with a probe wave-
length of 700 nm. It clearly shows that the average lifetime of
charge carriers decreases from 182.6 ns for pure CsPbl; t0 23.9 ns
for CsPbI,/Cq, bilayer, evidencing the occurrence of electron-
transfer (Table S1, Supporting Information).

To investigate why electrons can effectively transfer under un-
favorable energy-level alignment condition between CsPbI; and
Cqp, We next apply an ultrafast in situ 2PPE technique, which
allows us to probe the electron-transfer process in both ener-
getic and temporal dimensions.[*!32] Measured samples are ei-
ther pure CsPbl, or CsPbl,/C,, films with different C, thick-
ness. A schematic for the 2PPE experimental is provided in
Figure S7, Supporting Information. First, a laser with 1.88 eV
photon energy is used to excite samples, pumping an electron
from valence band into unoccupied conduction band in CsPbl;.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UBO1 SUOWLILIOD SAIESID 9 eI {dde au) Aq PousRAD 912 A1 YO ‘98N JO 3N 10§ ARIGIT SUIUO ABJIA UO (SUOIPUOO-PUB-SLLIBLWOY' A3 1 ARIGIBUIIUO//ScY) SUORIPUOD PUE SWLB 1 94} 39S *[5202/£0/T2] Lo ARiqrT8uniuo A 1IM ‘INOH DN NH ALISHIAINN OINHOZLATOd ONOY ONOH AQ 90v20720¢ eWpe/Z00T OT/I0p/w00 A3 | 1m ARG B U0 PEOURADE//SANY WOJ} PAPeo|umoq ‘SE V202 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a 5. CsPhl Ceo b
< Evac

w -
w 3 =]
k<) 8
2 2 z
5 CBM [
L 14 LUMO 5]
o 02y | 4933 €
> 4 - R

3 ° LRt E; T
(]

G 1| [1e

-2 VBM HOMO
0.0 0.5 1.0 15 2.0 660 680

Cgo thinkness (nm)

700
Wavelength (nm)

10°+
CsPbl,
——CsPbl,/Cq, . CsPbly
E CsPbl,/C
‘0,10_1_ 3/ 60
2>
‘D
=4
L
=4
1024
o
T T 10°% 1= T T T T
720 740 760 0 200 400 600 800 1000

Delay time (ns)

Figure 1. Electronic structure and charge-transfer of CsPbl; /Cqq heterojunction. a) Energy level diagram of CsPbl; /C¢, heterojunction. The bandgap of
CsPbly is 1.77 eV. The energy difference between CBM and E; is 0.2 eV. For Cg, the energy difference between LUMO and E; is 0.33 eV, meaning that
the LUMO of Cg is 1.9 eV higher than VBM of CsPbl;. With increasing the Cg, thickness, energy levels slightly upshift. b) PL spectra of pure CsPbls film
and CsPbl;/Cg bilayer. c) Time-resolved PL of pure CsPbl; film and CsPbl; /Cq bilayer.

The reason for selecting this photon energy is to guarantee that
the probed electrons are only from CsPbI, rather than from C,
because 1.88 eV is higher than the E, of CsPbl;, but lower than
that of Cg,. Subsequently, with a well-defined delay time, a sec-
ond laser with photon energy of 4.59 eV is used to ionized the
excited electron; and then, the energy of the photoelectron can
be detected by an energy analyzer.

Figure 2a shows a pseudo-color plot of a 2PPE spectrum of a
pure CsPbl, film. The y-axis displays the energy of excited elec-
trons referring to the perovskite’s VBM. Upon excitation (~0 ps),
there generates a feature with a peak around 1.9 eV, which is at-
tributed to electrons in conduction band. This energy also cor-
responds to the pump photon energy of 1.88 eV. The electrons
then slightly relax into lower-energy states via a “cooling” pro-
cess; and then, exist as “cooled” electrons (Figure S8, Support-
ing Information).l**34 It should be noted that in our experiment,
due to the low pump photon energy (0.11 eV above CBM), the
electrons that we excite are not very “hot,” which is evidenced as
a slight decrease of the calculated average excess energy of the
electrons (Figure S9, Supporting Information).[**] The selection
of this photon energy aims to simulate the charge carrier collec-
tion process in actual device because most carriers reaching the
perovskite/CTL interface through drift and diffusion processes
should be already cooled.*>! To distinguish the electronic dynam-
ics in CsPbl;, we carry out a global analysis method on the 2PPE
results (Note S2, Supporting Information). The 2PPE spectrum
can be successfully fitted using a sequential model with two com-
ponents (Figure S10, Supporting Information). The normalized
evolution associated spectra (EAS) are shown in Figure S11, Sup-
porting Information. A high-energy component with a peak at
1.9 eV is attributed to hot electrons, and a low-energy counter-
part with a peak at 1.82 eV can be assigned to cooled electrons.

To illustrate this cooling process, we show a spectral evolu-
tion in Figure 2b by presenting spectral profiles at delay times
of 0, 140, 340, and 540 fs, respectively. Each spectrum can be ex-
pressed as a combination of two EAS. For 0 fs, pump photons
create 74.4% hot electrons and 25.6% cooled electrons. With time
delaying, the ratio of hot electrons gradually reduces, together
with an increase of cooled electrons. When the delay time ex-
ceeds 500 fs, the hot electrons component becomes negligible,
indicating the completion of the cooling process. Meanwhile, the

Adv. Mater. 2024, 36, 2407406 2407406 (3 of 10)

whole spectral profile changes with a slight shift from high to
low energy region, which is ascribed to bandgap renormalization
effect.3*3¢] Figure 2c shows the electronic kinetics with electron
energies of 1.99 (red circle) and 1.69 eV (blue triangle), which are,
respectively selected to represent the hot and cooled electrons. In
addition, concentration decay profiles (solid lines) obtained from
global analysis are also shown for comparison. The concentra-
tion decay profiles show good fit with 2PPE data, indicating the
rationality of the fitting model. The sequential kinetics clearly
demonstrate the relaxation process of excited electrons from hot
to cooled states, with a transfer rate of 5.41 ps~! (Table S2, Sup-
porting Information). The corresponding transit time; thus, is re-
garded as the relaxation time (z,,;,, = 184.8 fs) of hot electrons in
CsPDbl, for this experimental condition.

We next probe the interfacial electron-transfer by depositing a
0.25 monolayer (ML) of Cy, (interlayer distance of 8.17 A is used)
on top of the CsPbl; film.*”] From the 2PPE plot of Figure 2d,
we surprisingly observe a new spectral feature upon excitation
with energy higher than probed hot electrons of pure CsPbl;.
As marked with a pink triangle, this feature locates at the en-
ergy around 2.1 eV above the VBM of CsPbl,. To probe the ori-
gin of this feature, we present the 2PPE spectra at 0, 60, 120,
and 500 fs in Figure 2e and fit the spectra with individual Gauss
peak for different components. For simplifying the fitting pro-
cedure, components of hot and cooled electrons of CsPbI; are
combined together as the total DOS profile (blue region). For
0 fs, in addition to the CsPbl,’s profile, a peak (pink) appears
upon pumping at higher energy region than CsPbl, with its cen-
ter at 2.0 eV. As time develops to 500 fs, this peak gradually di-
minishes and the spectrum is dominated by CsPbl;’s DOS again
(Figure S12, Supporting Information). As the central energy of
pump photons (1.88 eV) is lower than the E, of Cy,, we rule out
the possibility that this feature originates from the HOMO-to-
LUMO excitation of Cg,. As the 2PPE technique predominately
probes the topmost surface,*] the surface with such a thin and
discontinuous Cg, film (Figure S2, Supporting Information) can
be specifically regarded as the CsPbI,/C,, interface. According
to literature, there exists a wavefunction hybridization at the per-
ovskite/fullerene interface.l>*3] We thus speculate that the origin
of this high-energy feature may be from C,,’s LUMO or interfa-
cial hybrid states.
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Figure 2. Electron-transfer process at CsPbl; /C interface. a) Pseudo-color plot of 2PPE spectrum of pure CsPbl; film. b) Spectral evolution and global
fitting of pure CsPbl; for delay times of 0, 140, 340, and 540 fs. c) Kinetics for hot (1.99 eV) and cooled (1.69 eV) electrons of pure CsPbl;. d) 2PPE
pseudo-color plot of CsPbl;/0.25 ML Cg, film. e) Spectral evolution of CsPbl;/0.25 ML Cg, film for delay times of 0, 60, 120, and 500 fs. f) Kinetics of
hybrid states (2.00 eV) and CsPbl; (1.88 eV). g) Spectral evolution of CsPbl; /0.5 mL Cgq film for delay times of 0, 100, 280, and 600 fs. h) Kinetics of
hybrid states (2.10 eV), Cqo (1.96 eV), and CsPbl; (1.82 eV). i) 2PPE spectral profiles for different samples recorded at 80 fs without removing spectral
feature before time zero. For kinetic plot (c,f,h), symbols are 2PPE data and solid lines are fitting from global and target analysis.

Figure 2f shows electron kinetics with energies of 2.00 and
1.88 eV, which we select to represent the high-energy feature
and total CsPbI;s DOS, respectively. The generation of 2.00 eV
signal is very fast, displaying almost the same rising trend with
instrument response function (IRF). We thus apply a parallel
model in the global analysis to fit this kinetics by assuming two
components, that is, high-energy feature (red curve) and CsPbl,
(blue curve) (Figure S11, Supporting Information). The profiles
of two associated spectra show similar shapes with the fitting
Gauss peaks in Figure 2e, indicating the validity of our fitting
method. Good fit can also be found between concentration decay
profiles and experimental data in kinetics. Simultaneous appear-
ance of this high-energy feature upon excitation basically rules
out the possibility that it is from Cy’s LUMO due to the very
short timescale.3!) We thus assign it to the hybrid states at the
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interface between CsPbl, and Cy, and will discuss it below. The
delay time between the peak of IRF and that of the concentration
decay profile of hybrid states, ~32 fs, is estimated as the transfer
time constant. The slow rising kinetics of CsPbI, is because it is
a combination of both hot and cooled electrons.

We then further increase Cg’s thickness to 0.5 and 0.75 mL to
track the electron-transfer across the interface. Figure 2g shows
2PPE spectral evolution of CsPbl;/0.5 ML C,. For the spec-
trum at 0 fs, in addition to hybrid states’ and CsPbl,’s DOS dis-
tributions obtained above, there obviously appear a new peak
(green) centered at 1.93 eV (1.97 eV for 0.75 ML, Figures S13
and S14, Supporting Information). Referring to the energy dia-
gram in Figure 1a that the LUMO level of C, is 1.9 eV higher
than the VBM of CsPbl;, we thus ascribe this new peak to the
electron distribution of Cy,’s LUMO. The slight increase of peak
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energy from 1.93 to 1.97 eV for 0.5 to 0.75 ML is also consistent
with the increase of LUMO energy for thicker C, layer. With in-
creasing delay time, the profiles of interfacial hybrid states and
CsPbl,’s DOS fundamentally show similar trends with those of
0.25 mL Cy, sample. On the other hand, the peak of C,,’'s LUMO
can still persist for 600 fs, which is much longer than hybrid
states, indicating they are from different origins. The genera-
tion and decay tendencies can be more clearly observed in elec-
tron kinetics of Figure 2h. The electron energies of 2.10, 1.96,
and 1.82 eV are used to represent the interfacial hybrid states,
Cq’s LUMO, and CsPbl,’s CBM, respectively. Similar to the
0.25 mL C,, sample, signals of hybrid states appear very fast.
Then, the signals of C,’s LUMO rise, clearly showing a time de-
lay after hybrid states. To fit the dynamics, we carry out a target
analysis by assuming the hybrid states and CsPbl, as initial states
and C, as a product of hybrid states (Note S2, Supporting Infor-
mation). The 2PPE spectra and kinetics can be successfully fitted
with this model, proving the validity of our assignment on these
peaks. The rising time constant (,,,) of the Cg, LUMO signal
is 124 fs, which is estimated as the electron-transfer time from
CsPbI; to Cg,. This phenomenon can also be observed in the
0.75 mL C, sample, which shows a more pronounced C,, LUMO
component than hybrid states and CsPbl;’s CBM because the
CsPbl,;/C,, interface is further away from the topmost surface for
the thicker C,, layer (Figure S13, Supporting Information). The
appearance of a new C, peak in 0.5 and 0.75 mL C, samples and
the electron-transfer dynamics between hybrid states and C, also
verify our assumption that high-energy feature originates from
interfacial hybrid states.

This ultrafast electron-transfer in a timescale around a hun-
dred fs has not been reported in perovskite/fullerene systems.
As mentioned in Introduction part, for this kind of system, the
existence of energy barriers with hundreds meV seems not to
weaken the electron-extraction capability. It is noteworthy that
the electron-transfer efficiency is determined not only by energy-
level alignment but also by electronic coupling strength between
molecular orbitals or energy bands.’”] Figure 2i presents the
2PPE spectra of different samples recorded at 80 fs without re-
moving spectral feature before time zero. A high peak at 1.38 eV
for samples with C, is ascribed to triplet states of C,, due to
their long lifetime.®®! Clearly, for the 0.25 mL C, sample, the hy-
brid states’ spectral profile ranging from 1.7 to 2.2 eV is higher
than the CsPbl,’s conduction band and much higher than C;’s
LUMO. As 2PPE intensity directly reflects the population of elec-
trons at the topmost surface, ! the large spectral profile speci-
fies a great number of hybrid states distributing at the interface,
implying strong electronic coupling between CsPbI; and C,.
This coupling effect allows photo-generated electrons in CBM of
CsPbl; ultrafast transferring to Cg,’s LUMO via interfacial hybrid
states by overcoming the unfavorable energy-level alignment. We
therefore reasonably relate the high electron-extraction efficiency
in devices to this ultrafast electron-transfer timescale, which is
finally attributed to the strong hybridization effect between per-
ovskite and fullerene.

For the nature of interfacial hybrid states, we attribute them to
the wavefunction mixing of the conduction band of perovskite
and LUMO of C,. This hybridization phenomenon has also
been observed for different heterojunction systems. For exam-
ple, Caplins et al. observed a hybrid state resulting from the in-

Adv. Mater. 2024, 36, 2407406 2407406 (5 of 10)

www.advmat.de

teraction between the unoccupied molecular states of the ph-
thalocyanine (Pc) ligand and the Shockley surface state of Ag at
H,Pc/Ag(111) surface.*”! Grancini et al. calculated the interfa-
cial hybridized excited states at organic/organic system.[*!] Vir-
gili et al. reported that the hybridization of the HOMO of poly(p-
styrenesulphonic acid) and valence band of CdSe facilitated inter-
facial charge separation.[*?! In addition, Kelly et al. observed hy-
bridization at the Cy, and ZnO interface. The authors attributed
it to the mixing molecular wavefunction with localized compo-
nents of ZnO band structure.[*}] These reports indicated that hy-
bridization is a general phenomenon in heterojunctions involv-
ing organic and inorganic semiconductors as well as metals. The
major difference is the electronic states that take part in hybridiz-
ing process.

Aiming to further verify that the high-energy feature origi-
nates from hybridization effect between CsPbl, and C,, we carry
out a control experiment by replacing C,, with a wide bandgap
molecule of 1,4-Bis(triphenylsilyl)benzene (UGH-2). The HOMO
and LUMO of UGH-2 are 7.2 and 2.8 eV, respectively, meaning
that CsPbl;/UGH-2 is a type I heterojunction, with LUMO of
UGH-2 much higher than CBM of CsPbI,*] (Figure S15a, Sup-
porting Information). Thus, at the characterized energy range
(i-e., #1.8-2.1 eV above VBM of CsPbl,), there should be no
molecular orbital for UGH-2 to interact with CsPbl; and neither
is a high-energy feature. This is exactly what we observed in 2PPE
results in Figure S15, Supporting Information, which show sim-
ilar spectra and kinetics with pure CsPbl,.

To gain insight into the orbital hybridization and electron-
transfer process, we conduct DFT calculations and NAMD
simulations.*#’] Figure 3a shows the optimized interfacial
structure of CsPbl;/C, system (CsPbl, is in orthorhombic y-
phase with a Csl-rich termination). Figure 3b presents the cal-
culated energy levels together with electron-transfer process
(left) and electronic charge densities (right) for CsPbl;, C¢,, and
CsPbl, /C,, heterojunction. Considering the pump photon en-
ergy and bandgap of CsPbl; in our experiments, we focus on the
hot electron at CBM + 3 level (i.e., 0.3 eV above CBM). Our cal-
culations reveal the emergence of a new interfacial state at the en-
ergy level higher than both the CBM of CsPbl, and the LUMO of
Cq, indicating orbital hybridization at the top surface of CsPbl,
(marked by a red circle in Figure 3b). This finding aligns with ob-
servations from the spectral evolution in our 2PPE experiments.
The excited hot electrons in CBM + 3 of CsPbI; may experience
two processes: cooling to CBM or electron-transfer to interfacial
hybrid state. Figure 3¢ compares the time evolution of these two
processes using NAMD simulations, which show a more rapid
decay in charge population for electron-transfer compared to hot-
electron cooling. The time constants (time at 1/e position) are
55.7 fs for electron-transfer and 153.8 fs for hot-electron cooling,
consistent with the values obtained from 2PPE experiments.

The results of in situ 2PPE experiments and theoretical calcu-
lations provide a real-time observation of electron-transfer pro-
cess from perovskite to fullerene in both temporal and ener-
getic dimensions. As illustrated in Figure 4, for pure CsPbl;,
the photo-generated electrons near conduction band edge will
relax into CBM at ~185 fs. When CsPDbI; is attached with Cg,
hybrid states generate at the interface due to electronic cou-
pling. Electrons thus can ultrafast transfer to the hybrid states in
~32 fs and further to the LUMO of Cy, in ~124 fs. The almost
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Figure 3. NAMD calculations. a) Optimized crystal structure of CsPbl;/C¢, heterojunction. b) Calculated energy levels and electronic charge densities
for CBM + 3 of CsPblj, hybrid state (marked in a red circle) and LUMO of Cg. c) Time evolution of hot-electron cooling from CBM + 3 to CBM in CsPbl;
and electron-transfer from CBM + 3 of CsPbl; to hybrid state (HS). All calculations were performed at the GGA/PBE+SOC level.

simultaneous rise of hybrid states and CsPDbI; excited states
suggest a coherent resonance scenario,’!l leading to a total
time of electron-transfer comparable or even shorter than the
hot-electron cooling process inside perovskite itself. This short
timescale allows electrons in perovskite efficiently transferring
into adjacent ETL molecules, consequently achieving a high in-
ternal quantum efficiency for perovskite solar cells. It should be
mentioned that due to the spectral width of the pump laser, small
number of hot electrons inevitably generate with excess energy of
~0.2-0.3 eV. This is why the hot electron behaviors, that is, relax-

A
ceM| i1.8ev

(0] :
= 5
w il
Wl vem| i gev -0.4 eV

y U€E : HOMO
CsPbl, >>>
C60

Figure 4. Energy diagram describing photo-generated electron-transfer
process across CsPbl;/Cg interface. Upon excitation with energy above
bandgap, a hot-electron is generated in the conduction band of CsPbl;
with excess energy. The hot-electron will relax into CBM in ~185 fs; and
then, slowly decay back to valence band. Once attached with Cg, hybrid
states generate at CsPbl;/Cg interface due to electronic coupling. The
excited electron thus can transfer to hybrid states in ~32 fs or further to
LUMO of Cg in x124 fs.
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ation and electron-transfer, are involved in our experiments and
calculations. However, the hot-electron transfer is not considered
to be a main route under the current experimental conditions due
to the small number of hot-electrons as confirmed by the stable
average excess energy (Figure S9, Supporting Information). In
addition, we would like also to emphasize that there should be a
range of barrier height for this efficient charge-transfer. Beyond
this range, the charge-transfer would still be impeded.

As a complementary ultrafast optical technique, TA is next
applied to confirm the observed interfacial electron dynamics.
Figure 5a shows time-resolved TA spectra for pure CsPbl, at
delay times from 0 to 511 fs. The energy density is as low as
0.15 pJ cm™2. The peak ranging from 650 to 720 nm can be as-
signed to the bleaching signal of CsPbl;.[*! With time evolu-
tion, it clearly presents a relaxation process as the peak position
shifts from short to long wavelengths.!*>5% This phenomenon is
more pronounced in kinetic profiles (Figure 5¢), in which hot and
cooled electrons (664 and 695 nm, respectively) show an obvious
transition trend at the initial hundreds of fs.

For TA measurement on CsPbl; (20 nm)/Cy, (20 nm) hetero-
junction, due to the low energy density of pump light, we can
individually study the bulk or interfacial characteristics by se-
lectively illuminating the heterojunction from either CsPbI; or
Cq, side. For the illuminating direction from CsPbl; side, which
mainly reflects bulk characteristics of CsPbl, because of its rel-
atively high thickness of 20 nm, bilayer sample shows no sig-
nificant difference in spectral profiles (Figure S16, Supporting
Information) with pure CsPbl; but exhibits faster decay trace of
bleaching signals for both hot and cooled electrons (Figure 5c¢),
proving the existence of electron-transfer.>”) On the other hand,
for illuminating from C, side (20 nm), as shown in Figure 5b,
the time-resolved spectral profiles show a much different chang-
ing trend, that is, the bleaching peak first appears at the low en-
ergy (long wavelength) region; then, gradually recovers to the
broad peak profile like pure CsPbl;. For kinetics, different from
the pure CsPbl, and the heterojunction illuminated from CsPbl,
side, there is no obvious transition tendency between hot and
cooled electrons at the initial rising stage. On the contrary, TA
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Figure 5. Electron-transfer dynamics in TA characterization. a,b) TA spectra of pure CsPbl; (a) and CsPbl;/Cg (b) films at different delay times. Arrows
indicate the wavelength of hot and cooled electrons used for kinetic studies. For CsPbl;/Cg, film, the excitation light illuminates the heterojunction
from Cg, side for investigating the interfacial condition. c) TA kinetics of hot and cooled electrons of pure CsPbl; and CsPbl;/Cg, bilayer, in which the
illumination is from CsPbl; side. d) TA kinetics of CsPbl;/Cqq bilayer with illumination from Cg side. €) Schematics illustrating the electron dynamics
observed for different illumination directions. Left: from CsPbl; side. Right: from Cgy side. f) TA kinetics for the signals probed at wavelength of 1200 nm.

The pump wavelength is 660 nm, same with 2PPE experiment.

signals of cooled electrons (697 nm) generate at first. After-
ward, the signals of hot electrons rise with hundreds of fs de-
lay (Figure 5d). As the pump photon energy is lower than the
bandgap of C,, we can rule out influence from Cg, layer. There-
fore, the change of the bleaching signal at this situation should
originate from the difference of excited electrons in CsPbl;, and
specifically, at the CsPbl,/C, interface.

The mechanism can be explained as a schematic illustrated in
Figure 5e. For the illumination direction from CsPbl, side (left),
the excited position is near the bottom surface of CsPbl;; thus,
TA results show similar behavior with pure CsPbI;. The excited
electrons then diffuse to the interface and transfer to Cg,. That
is why the reduction of TA bleaching signal for bilayer sample
occurs after several ps.’!) On the other hand, for the illuminating
direction from Cg, side (right), the excited position is close to the
CsPbl;/Cg, interface. Excited electrons, especially hot electrons,
will rapidly transfer to hybrid states and LUMO of C,. Therefore,
at the very initial rising stage, TA can only detect the bleaching
signal of cooled electrons. The disappearance of hot electrons’
signal at the initial stage is highly consistent with 2PPE results of
near resonance between CsPbl,’s excited states and hybrid states.

We further explore the TA kinetics at the probe wavelength
of 1200 nm, which is commonly regarded as the TA response
of charge carriers.''?] As shown in Figure 5f, for pure CsPbI;,
the time constant for charge carriers’ generation is ~352 fs. Af-
ter depositing with a Cg, layer, the rise of charge carriers is faster
than pure CsPbl, with a time constant of ~251 fs. As perovskite
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and fullerene both have TA response of charge carriers at this IR
region, 323 the sources of this signal may involve three sources,
that is, 1) intrinsic charge carriers in CsPbl;, 2) transferred elec-
trons in Cg,, and 3) remaining holes in CsPbl;. Although we can-
not judge their relative contributions, the earlier appearance of
TA signal for CsPbl, /Cq, bilayer is definitely due to the charge-
transfer process. This result also verifies the ultra-short timescale
of electron-transfer observed in 2PPE experiments.

3. Conclusion

Collection of charge carriers is one core factor influencing the
performance of perovskite solar cell. In the conventional view-
point, efficient charge collection requires a favorable energy-level
alignment, which is an energy cascade for charge carriers from
perovskite to CTL. The reduction of energy level in CTL; how-
ever, can lead to i) the energy loss for charge carriers and ii) non-
radiative recombination due to back-transfer, making [, and
Voc a trade-off relationship. How to diminish V. loss due to
the energy-level cascade; while, maintaining a high charge col-
lection efficiency is a key issue for promoting efficiency of per-
ovskite solar cells in future. The presentin situ 2PPE experiments
provide, for the first time, direct experimental observation of an
ultrafast electron-transfer process overcoming the unfavorable
energy-level alignment between perovskite and fullerene. Exper-
iments and DFT calculations reveal that it is the electronic cou-
pling that generates large numbers of interfacial hybrid states,
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acting as a channel for electrons to extract from perovskite into
fullerene. The measured transfer timescale is in the order of
~100 fs, which is even comparable with the relaxation of hot
electrons inside the conduction band and much faster than trap-
induced and band-to-band recombination.

The established mechanism has importantimplications on the
device design. It suggests a scenario that efficient charge collec-
tion can be accomplished even with a comparable or higher en-
ergy level in CTL, leading to an improved V. without sacrific-
ing Jsc. The pathway to achieve this improvement is to construct
interfacial hybrid states between perovskite and CTL. This re-
quires synthesis of novel CTL materials that present strong elec-
tronic coupling with perovskite. Another key point for keeping
efficient charge-transfer through unfavorable energy-level align-
ment is to improve charge carrier mobility. Take electron-transfer
as an example, due to the energy cascade in LUMO/CBM of ETL
and CBM of perovskite, electron back-transfer to CBM of per-
ovskite is a major factor that limits the electron extraction effi-
ciency. A high mobility can fast drive electrons toward cathode
via diffusion or drift, avoiding electron accumulation at the per-
ovskite/ETL interface and decreasing the back-transfer possibil-
ity. In addition, the charge accumulation at interfaces is also re-
garded as one origin for hysteresis in perovskite solar cells.>*] A
high charge-transfer rate can avoid this drawback. This may also
be a reason why previous perovskite solar cells in the p—i—n struc-
ture with fullerene as ETL show slight hysteresis. The methodol-
ogy that improves electron-transfer rate via enhancing interfacial
electronic coupling; thus, acts as a guideline for advanced design
of perovskite solar cell.

4. Experimental Section

Sample Preparation:  CsPbls, Cgq (Lumtec), and UGH-2 (Lumtec) films
were prepared in a high vacuum condition (<107% mbar) by thermal-
evaporation. Specifically, CsPbl; was prepared by co-evaporating two
sources of Csl and Pbl, (Xi'an Polymer Light Technology Corp) in the ratio
of ~1.5:1. The film was then annealed at 50 °C for 5 mins to form black
phase. The black phase could preserve at vacuum condition even when
the temperature returned to room temperature. The thickness of CsPbl;
was 20 nm for all the characterizations.

Photoelectron Spectroscopy (PES):  Ultraviolet and X-ray photoelectron
spectroscopy were carried out in an ultra-high vacuum analysis cham-
ber with base pressure ~10'° Torr. The UV source was a He-discharge
lamp producing He-I photons of 21.22 eV, and the X-ray source was a
monochromatic Al-Ka X-ray gun with photon energy of 1486.6 eV. The
photoelectron spectra were recorded with a hemispherical electron en-
ergy analyzer (Phoibos 150, SPECS). The samples for PES measurements
were directly transferred into an analysis chamber after thermal evapora-
tion without exposing to air.

Two-Photon Photoelectron Spectroscopy (2PPE): 2PPE experiments
were carried out in the same chamber with photoelectron spectroscopy.
In 2PPE, samples were first excited by a pump laser pulse with center pho-
ton energy of 1.88 eV (pulse energy 55 n}, duration ~30 fs) to generate
electrons in conduction band of CsPbls;. Then, the electrons were ionized
by a probe beam with a photon energy of 4.68 eV (pulse energy ~ 0.08 n},
duration = 20 fs) in a specific delay time. The kinetic energy of the ionized
electrons was detected by the energy analyzer for calculating their elec-
tronic energy. The pump and probe laser pulses were generated by non-
collinear optical parametric amplifiers (NOPA) of Orpheus-N-2H and 3H
(Light Conversion), respectively. Both NOPAs were pumped by a fs laser
(1030 nm, Light Conversion Pharos) running at frequency of 250 kHz. The
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spot size of the pump beam was ~2 mm?. The samples were negatively
biased at 6.8 V during measurement. The pulse durations of pump and
probe lights were measured at the output ports of two NOPAs. The full
width at half maximum (FWHM) of instrumental response function (IRF)
was 0.13 ps. This broadening of IRF FWHM may be due to the optical com-
ponents, such as lens, filters, and port glass of vacuum chamber, in 2PPE
optical system.

Transient Absorption (TA):  The samples for TA measurements were en-
capsulated in the glovebox with N, atmosphere after thermal evaporation,
avoiding exposure to air. The visible TA experiment was performed with the
laser of Pharos operating at 10 kHz and a TA100-DZ pump/probe setup
(Time-Tech Spectra). The white-light continuum probe beam was gener-
ated by focusing the regenerative amplifier's fundamental 1030 nm laser
pulses into a YAG crystal and collecting by a CMOS sensor. The pump
beam (660 nm, ~0.15 ) cm~2) was produced by the second harmonic
output of Orpheus-N-2H. For the near infrared (NIR) region, the TA sys-
tem used amplified Ti:sapphire fs laser (800 nm wavelength, 50fs and
1kHz repetition; Coherent Libra) and a Helios pump/probe setup (Ultra-
fast Systems). The NIR probe beam was generated by focusing the par-
tial of the fundamental 800 nm beam onto a 1cm sapphire crystal rod.
The pump pulses were generated from an optical parametric amplifier
(600 nm, 1.4 yj cm~2, Coherent TOPAS).

Material Characterizations: XRD patterns were measured using a D2
Phaser instrument with Cu Ka (A = 0.154 nm) radiation source. Ab-
sorption spectra were recorded with Shimadzu 1700 model UV-vis spec-
troscopy. Steady-state and time-resolved PL spectra were measured with
FLS980 fluorescence spectrometers (Edinburgh Instruments Ltd.). The
excitation source for the steady-state PL was 400 nm monochromatic
light from a Xe lamp with a power intensity of ~0.85 mW cm~2. For
time-resolved PL, the excitation source was a ps pulse laser (Edinburgh
Instruments, EPLED-560) with wavelength of 560 nm and fluence of
~0.75 x 10~ ] cm™2. The thickness of C4, for absorption and PL was
20 nm. The atomic force microscope (AFM) was characterized with Hi-
tachi 5300E. The samples for absorption and PL measurements were en-
capsulated in the glovebox to avoid exposing to air. For XRD and AFM, the
fresh samples were moved to facilities immediately after they were taken
out from the vacuum or glovebox to alleviate the influence of the atmo-
sphere.

Computational Methods: The CsPbl; slab model was constructed with
a (2 x 2) lateral periodicity and consisted of three octahedral layers of y-
phase CsPbls, featuring an exposed (100) surface. For the Cg,/CsPbl; in-
terfacial model, a C¢y molecule was placed on the top surface of CsPbl;
(100), and the interfacial replicas were separated by ~20 A of vacuum. This
structure was optimized at the gradient approximation/Perdew—Burke—
Ernzerhof level using the PWSCF code, as implemented in the QUANTUM
ESPRESSO package.[*®] The ultrasoft pseudopotentials were employed,
and uniform Brillouin zone grids of 6 X 6 X 4 k-mesh for CsPbl; bulk and
1% 1x 1 k-mesh for the Cg,/CsPbl; interface were used. The cutoff of
the plane-wave basis set was set at 25 Ry for wavefunctions and 200 Ry
for charge density. The optimized crystal structure of C4o/CsPbl; interface
was considered as the starting point for generating molecular dynamics
trajectories, with the Andersen thermostat maintaining the system tem-
perature at 300 K.

The nonadiabatic molecular dynamics (NAMD) simulations were
conducted using the mixed quantum-classical fewest switching sur-
face hopping (FSSH) technique, implemented within the framework of
time-dependent Kohn—Sham density functional theory (TD-DFT). In this
method, the lighter and faster electrons were treated quantum mechan-
ically; while, the heavier and slower nuclei were described classically.
However, it is worth noting that treating nuclei classically neglects the
quantum effects such as zero-point energy and tunneling. In addition,
the probability of surface hopping and the rates of nonadiabatic transi-
tions were often based on approximations (i.e., Tully’s fewest switches al-
gorithm). Herein, NAMD simulations for the Cqy/CsPbl; interface were
performed using the PYXAID2 code.l’”*8] The simulations began with
the time-dependent Schrédinger equation ih%‘{‘,4 (ht)=H(rL R )Y, (rt),
where 7 is the reduced Planck constant, ¥, (r,t) are the wave functions
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of the occupied single-electron Kohn-Sham orbitals, H(r, R, t) is time-
dependent Hamiltonian, r is the electronic coordinate, and R is nuclear
coordinate. The NAMD simulations also involved Kohn-Sham orbitals
W, (rt) = X CM(E)D(r; R()), where @y (r; R(t)) are the adiabatic single-
electron Kohn—Sham orbitals and C7 (t) are the adiabatic states expansion
coefficients. The probability of transition between adiabatic states i and
J could be calculated using the wavefunction expansion coefficients and
coupling defined as dj; = —ihd;| % |<I>j.[57'58] Here, the focus was on study-
ing the hot-electron cooling and transfer processes by calculating the aver-
age energy and population of hot electrons from excited state (CBM + 3)
to CBM in CsPbl; and to hybrid state.

Statistical Analysis: The obtained 2PPE spectrum without background
was got by subtracting a spectrum collected at negative delay times from
the raw spectrum. The UPS spectra were fitted with Gaussian functions to
obtained the crossover point with base lines. The global and target analysis
of 2PPE were carried out using software of Glotaran. The 2PPE spectrum
at particular delay time was fitted with Gaussian functions to identify the
state’s contributions.
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