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Ininverted perovskite solar cells (PSCs), electron transfer materials (ETMs) have a significant effect on
the efficiency and stability, because they can reduce the energy barrier between the perovskite film
and electrode materials and suppress the potential interfacial charge recombination. Herein we
designed a series of ETMs (0-PDTP, m-PDTP, and p-PDTP) through introducing pyridyl as the side
chain of the experimentally synthesized ETM 10,14-bis(5-(2-ethylhexyl)thiophen-2-yl)-dipyrido-
[3,2-a:2",3'-cll1,2,5]-thiadiazolo-[3,4-i]-phenazine  (TDTP) based on quantum chemical
calculations. Our results showed that introducing pyridyl changes the molecular packing mode
from the herringbone packing motif in TDTP to two-dimensional -7 stacking in p-PDTP due to
the strong interactions between the added nitrogen atoms and the hydrogen atoms of the
molecular skeleton. Therefore, the average electron mobility of p-PDTP (1.65 cm? V™ s74) is 34
times higher than that of TDTP. Our results also indicated that the additional N---Pb interface
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Accepted 12th June 2019 interaction between the nitrogen atoms in the ETMs and the lead atom in MAPDbIs leads to stronger
binding energies and easier electron injection. The present results not only offer two promising

DO!: 10.1039/c9ta04856a ETMs (m-PDTP and p-PDTP), but also propose a new design strategy of introducing pyridyl into

rsc.li/materials-a ETMs for more efficient PSCs.

Introduction

Inverted perovskite solar cells with the device structure of
indium tin oxide/hole transfer layer/perovskite active layer/
electron transfer layer/metal electrode have been rapidly
pursued because of their negligible hysteresis, low temperature
processing, and device structure flexibility.** Suitable electron
transfer materials (ETMs) contribute greatly to less hysteresis,
higher current density, and lower recombination kinetics.>*
Compared with the rapid development of hole transfer mate-
rials (HTMs), relatively few ETMs were reported. Metal oxides
like TiO, used in conventional type PSCs as ETMs require high
temperatures (up to 500 °C), which makes the fabrication
process complicated.” Fullerenes and their derivatives have
been widely used in inverted PSCs as ETMs, while they suffer
from certain drawbacks such as high cost, difficulty in
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fabricating thick dense films, and relatively poor temporal
stability.® Therefore, developing new non-fullerene ETMs to
overcome the aforementioned disadvantages while promoting
the favorable properties becomes one of the top priorities for
advancing the efficiency and stability of PSCs.

Electron transport involving ETMs of PSCs mainly consists of
two parts: transport between the perovskite and ETM and
transport in the ETM. For the first part, many studies have been
performed through introducing an interfacial modifier layer
between the perovskite and ETM (such as INIC series, B2F, C-
HATNA, and ITIC), which can promote the formation of high
quality and uniform perovskite films, passivate defects, improve
the interface interaction between the perovskite and ETM, and
enhance electron extraction, resulting in improved PSC perfor-
mance.’® Some research groups have tried to modify ETMs by
introducing some functional groups which can form interaction
between the perovskite and ETM, such as amino groups, pyr-
idyl, thiophene, and halogen atoms.*** For the second part,
great efforts have been devoted to improving the electron
mobility in ETMs since higher electron mobility decreases the
possibility of electron accumulation and recombination.'® The
electron mobility of semiconductor materials can be improved
by introducing various heteroatoms (nitrogen, sulfur, and so
on) or extending the 7t-conjugation.””** So designing ETMs with
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a stronger perovskite/ETM interface interaction and higher
electron mobility has proved to be an effective way to achieve
more efficient PSCs.

Pyridine type compounds have attracted wide attention for
their application in enhancing the efficiency of PSCs. As a base,
pyridyl can donate its lone pair electrons in the nitrogen atom to
Lewis acids. In addition, pyridyl has a planar geometry with
aromaticity, so adding pyridyl into ETMs increases the length of
the conjugated part and retains the aromaticity. There are
several ways of introducing pyridyl or its derivatives into PSCs.
First, pyridinium type compounds (such as 4-tert-butylpyridine)
have been used as additives in perovskite films to obtain high
quality perovskite layers.””** Due to the strong coordination
between the nitrogen atom at the end of 4-tert-butylpyridine
and the Pb>" in MAPbI;, they can suppress perovskite nucle-
ation by forming an intermediate phase. Second, pyridine type
compounds (for example, 4-picolinic acid) were used as inter-
facial modifier layers, in which pyridyl groups were anchored on
the surface of perovskite layers owing to strong electron
coupling between the ETM and perovskite to facilitate charge
carrier transport and suppress interfacial charge recombina-
tion.** Furthermore, Yang and co-workers reported C60-Py as an
ETM, where pyridyl was anchored onto the perovskite film, thus
reinforcing the passivation of the trap states within the MAPbI;
perovskite film and suppressing the nonradiative electron-hole
recombination, leading to enhanced electron transport
reflected by the increase of short-circuit current density (J5).>
In addition, pyridyl groups have been developed to tune the
energy level and improve electron mobility, where the position
of nitrogen has a significant effect on those properties.>*>®
Inspired by the above work, we propose an idea of introducing
pyridyl into ETMs to improve the interface interaction between
the perovskite and ETM and enhance the electron mobility
within ETMs.

n-Type small molecule TDTP used as an ETM reported by the
Zhang group exhibited an impressive power conversion effi-
ciency (PCE) of 18.2%, which is ranked among the high
PCEs,***" while compared to the conventional device which has
a PCE of up to 23.7%, there is still some room to improve.*> On
analysis of the two devices we found that the main difference in
PCE comes from the J;. and the fill factor (FF). Previous reports
have proved that the higher electron mobility of the ETM
contributes to the increase of Js. and FF,** while the electron
mobility of TDTP is smaller than that of TiO,.** Therefore,
taking the above factors into account, in this work, we intro-
duced pyridyl into TDTP, and thus designed three new ETM
molecules (0-PDTP, m-PDTP, and p-PDTP), varying in the
position of the nitrogen atom in the pyridyl, see Fig. 1. The
electronic properties and electron mobility of TDTP and the
newly designed ETM molecules, together with the correspond-
ing perovskite/ETM interface features have been systematically
studied based on first-principles calculations and Marcus
theory. The computational details are given in the ESL{ Our
obtained data show that introducing pyridyl is beneficial to
increase the transfer mobility and interface interaction. We
hope our work provides useful implications for future experi-
mental synthesis.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 The chemical structures of studied molecules.

Results and discussion
Geometric and electronic structures

Molecular geometry and frontier orbital characteristics are of
importance to the packing mode and charge transfer
efficiency.® Little difference in structure may cause a large
change in mobility. We found that the geometric structures of
the studied ETM molecules can be divided into two parts: the
molecular skeleton and the side chains connected by a freely
rotating single bond. To get more information about the
geometries of the investigated molecules, the single bond was
scanned using the B3LYP/6-31g(d,p) method and the results are
shown in Fig. ESI1.f One can find that the energy fluctuation
range (less than 5 keal mol ") of TDTP with the dihedral angle
between the molecular skeleton and side chain changing is
smaller than that (more than 13 kcal mol ") of PDTPs. Starting
from the two lowest energy points of the scan, we optimized the
structures by the B3LYP method and re-calculated the energies
at the CCSD/6-31g(d,p) level. The obtained structures with the
lowest energy are displayed in Fig. 2 and the corresponding
energies are given in Table ESI1.f In TDTP the side twist on the
skeleton is 26°, while for o-PDTP the twist angle is 69°, resulting
from the strong repulsion of the lone pair electrons of the
nitrogen atoms in pyridyl and thiadiazole where the related
distance is about 3.2 A. These twist angles decrease to 52 and
53° in m-PDTP and p-PDTP, respectively, since the N---N
distance increases to 5.0 A in m-PDTP and 5.1 A in p-PDTP.
Clearly, introducing pyridyl into TDTP increases the twist
angles, which decrease with the increase of the distance
between the nitrogen atom of pyridyl and the molecular
skeleton.

The energy levels of the highest occupied molecular orbital
(Exomo) and the lowest unoccupied molecular orbital (Epumo)
for all molecules calculated at the PBE33/6-31g(d,p) level of
theory are presented in Fig. 3. The PBE33 functional has proved
successful in describing the Ejymo of the TDTP family and
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Fig. 2 The orthographic (up) and the side (down) views of optimized molecular geometries of the studied molecules, where the dashed lines

indicate the N---N distances.

f‘e_
=3.90 -3.95
4.0 -
420
LAl
45 -
S
L 50+
>
2 1
[}
[ =
W 554 .
Z ]
£
O 6.0
-65

Fig. 3 Calculated HOMO and LUMO energy levels by the PBE33/6-
31G(d,p) method for TDTP and the designed molecules, together with
the CBM and VBM of MAPbls and the work function of LiF/Al obtained
from ref. 31.

similar organic compounds.***” Here, all the molecular geom-
etries were fully optimized at the PBE33/6-31g(d,p) level, and the
time-dependent density functional theory (TDDFT) was used to
simulate the excitation energies. The Eyymo Was obtained using
those Eyomo plus the first excitation energies.*® As can be seen,
the E;ymo of TDTP is —4.04 eV, which matches well with the
experimental result of —4.03 eV.*' The E;ypmo values of the newly
designed molecules are in the range of —3.95 eV to —4.15 eV,
which are lower than the conduction band minimum (CBM) of
—3.90 eV in MAPbI;, ensuring electron transfer from the
MAPDI; to ETM. In addition, the Ejymo values of the newly
designed molecules are larger than the work function of LiF/Al
(—4.20 eV) that has been often used as the metal electrode,
which ensures that the electron can transfer to the electrode
without energy barriers.> On the other hand, the Egomo values
of PDTPs are lower than the valence band maximum (VBM) of
—5.40 eV in MAPDbI;, meaning that the hole transfer is prevented
effectively. Note that the HOMO-LUMO energy gaps around
2.3 €V in PDTPs are larger than 1.63 eV in TDTP, meaning that
PDTPs are conducive to prohibiting the recombination of holes

16306 | J Mater. Chem. A, 2019, 7, 16304-16312

and electrons in the ETMs. The above results indicate that the
newly designed molecules may possess suitable energy levels as
ETMs to combine with MAPbI; and the LiF/Al electrode at the
monomolecular level.

In addition, the device instability is also the limitation factor
for the application of PSCs. When formed on the top of the
perovskite layer, the ETM also acts as the first protection layer
for the perovskite material against oxygen, moisture, and heat.*
Some studies have shown that the main reason of instability is
the decomposition of the perovskite induced by H,O and O,,
and the decomposition products Pbl, or I will go through the
ETM layer to metal electrode and decrease the PCE.*"** Suitable
ETMs are expected to work in resisting H,O and O,. The adia-
batic electron affinity (EA,) is directly relevant to the anionic
species stability toward the reaction with water and oxygen in
air.*»** The absolute hardness () can express the resistance of
the chemical potential to the change in the number of elec-
trons.*® So the EA, and 7 are used to study the air stability, and
the results are listed in Table 1. We can see that the EA, and 7
values of the newly designed molecules are larger than those of
TDTP, which may significantly improve the device operational
stability compared to that using TDTP as the ETM.

A significant advantage of inverted PSCs over the conven-
tional device is that they can be fabricated at low temperature
because of the solution-processed n-type organic semi-
conductor used as the ETM rather than high temperature
sintering/annealing inorganic metal oxides like TiO,.***” The
higher solubility of ETMs in organic solvents is beneficial for

Table 1 The adiabatic ionization potential (IP,, V), adiabatic electron
affinities (EA,, eV), the absolute hardness (n, eV), and the solvation free
energy (AGsqy, kcal mol™Y) of the investigated molecules

Compounds 1P, EA, n AGgo,

TDTP 5.17 3.79 0.69 —12.79
0-PDTP 6.08 3.80 1.14 —15.88
m-PDTP 5.98 3.83 1.08 —14.52
p-PDTP 6.18 3.90 1.14 —15.12

This journal is © The Royal Society of Chemistry 2019
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improving the film-forming ability. According to the fabrication
process of the TDTP-based ETMs, the solvation free energies
(AGson) of the studied molecules were calculated in 1,2-dichlo-
robenzene to keep the same as the experimental solvent. The
AGg,y values were obtained by subtracting the energy of gas
phases from the energy of the solute in the solution.*® As shown
in Table 1, the AG, values of PDTPs are more negative than
that of TDTP, indicating that the newly designed molecules
possess higher solubility than TDTP.

Transport properties

Electron mobility is closely related to the J;. and FF of PSCs.*®
The hopping mechanism, in which the charge carriers likely
localize on a molecule and charge random jumps between
neighboring molecules, has proved successful in description of
the organic semiconductor transporting mechanism.* Marcus-
type expression, which is an appropriate choice and has been
widely used to predict the electron mobility, was employed to
evaluate the electron mobility using the MOMAP software
package.*®** More details can be found in the Computational
details part of the ESL.}

The calculated average mobility values and the related
parameters are summarized in Table 2. The average electron
mobility values are 0.048, 0.024, 0.056, and 1.65 cm”> V" s~ " for
TDTP, 0-PDTP, m-PDTP, and p-PDTP, respectively, where the
mobility of p-PDTP is about 34 times higher than that of TDTP.

The reorganization energy (1) mainly originates from the
geometrical relaxation during the charge transfer process and
reflects the barriers from one molecule to another.*® The A

Table 2 The reorganization energy A (eV), centroid to centroid
distance d (A), the electron transfer integral v (eV), electron hopping
rate k (s71), and average electron mobility (ue, cm? V=1 s7%)

Compounds A Path d v Ue
TDTP 0.19 1 12.52 —2.06 x 10 0.048
2 12.81 4.54 x 1073
3 4.02 —1.06 x 107>
4 4.02 —1.06 x 1072
5 12.52 —2.06 x 10
6 12.81 4.54 x 103
0-PDTP 0.21 1 14.41 —0.63 x 10 0.024
2 12.62 1.18 x 103
3 3.86 —9.00 x 10
4 3.86 —9.00 x 1073
5 11.97 —9.94 x 10
6 13.03 9.63 x 10
m-PDTP 0.18 1 13.58 —3.79 x 10 0.056
2 12.55 —2.10 x 10*
3 3.78 1.80 x 1072
4 3.78 1.79 x 102
5 12.55 —2.10 x 10
6 13.58 —3.79 x 10
p-PDTP 0.20 1 13.62 —1.48 x 107* 1.65
2 6.76 —4.06 x 1072
3 6.76 —4.06 x 107>
4 8.62 —5.42 x 102
5 8.62 —5.41 x 102
6 13.62 —6.52 x 10

This journal is © The Royal Society of Chemistry 2019
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values were estimated by the adiabatic potential energy surface
approach at the B3LYP/6-31G(d,p) level,”® and the obtained
results are listed in Table 2. The A values of PDTPs are in the
range of 0.18-0.21 eV, close to 0.19 eV for TDTP. The results
show that the difference of A is too small to lead to a big
difference in electron mobility.

The transfer integral (v) reflects electronic coupling between
the neighboring molecules and needs to be maximized in order
to improve the electron transport process.** The transfer inte-
gral has been shown to be very sensitive to the relative position
of the neighboring molecules.” The crystal structure offering
the relative position of the molecules plays an essential role in
electron transport. The polymorph module in Materials studio
was used in prediction of the crystal structure (for details please
see ESIf), which has been proven to be an appropriate
method.”®* The main electron hopping pathways and the cor-
responding v values of the investigated molecules are given in
Fig. 4 and Table 2. We can see that the TDTP crystal possesses
a herringbone packing motif with -7 overlap between adja-
cent molecules, while the crystals of o-PDTP and m-PDTP
exhibit one-dimensional (1D) -7 stacking, and p-PDTP shows
two-dimensional (2D) -7 stacking.

In TDTP, the largest values of v appear in path 3 and path 4,
where the molecules exhibit a face-to-face (m-m) stacking
pattern, while the intermolecular interactions are not strong
due to the large centroid-to-centroid distance of 4.02 A. A
similar situation is found in m-PDTP, although it adopts 1D -7
stacking, in which path 3 and path 4 present the biggest transfer
integral (1.80 x 107> V). We can see that the largest v in m-
PDTP is larger than that in TDTP, due to the smaller centroid-to-
centroid distance of 3.78 A than that in TDTP. There are some
interesting points in o-PDTP, where the largest transfer integral
appears in path 5 not path 3 and path 4, because of the larger
displacements and weaker LUMO-LUMO overlap between the
molecules in these two paths and the central molecule (please
see Fig. ESI2t). The p-PDTP adopts a 2D m-7 stacking, and the v
values around paths 2, 3, 4, and 5 are 4.06 x 102 eV and 5.42 x
10~2 eV, which are obviously larger than those in other mole-
cules. The larger transfer integral is attributed to the perfect
packing mode, where the central molecule overlaps with those
molecules in paths 2, 3, 4, and 5, and the reasons of this packing
will be further discussed below.

The electrostatic potential (ESP) has been used as an inter-
pretative tool in the analysis of non-covalent interactions ruling
the shape of a crystal packing.”®* As shown in Fig. 5, the
negative potential is mainly located on the nitrogen atoms of
the 2,9-phenanthroline (left side) part of the molecular skeleton
terminal in TDTP, while the positive potential appears on the
right side of the molecular skeleton and side chains. The
maximum electrostatic attraction usually appears between the
positive potential and negative potential, so TDTP exhibits
a herringbone packing motif thanks to the skeleton (left side)-
skeleton (right side) and skeleton (left side)-side chain attrac-
tions. In PDTPs, the negative potential changes following the
position change of the nitrogen atom in the pyridyl. In o-PDTP
and m-PDTP, the negative potential also appears in the side
chains near the molecular skeleton, so the electrostatic

J. Mater. Chem. A, 2019, 7, 16304-16312 | 16307


https://doi.org/10.1039/c9ta04856a

Published on 13 June 2019. Downloaded by Institute of Chemistry, CAS on 3/14/2020 7:58:11 AM.

Journal of Materials Chemistry A

m-PDTP (1D mn-it stacking)

View Article Online

Paper

p-PDTP (2D n-nu stacking)

Fig. 4 Schemes of main electron hopping pathways in the predicted crystals with the packing mode.
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Fig. 5 ESP mapped onto a surface of total electrons for the studied
compounds.

attraction mainly appears in the molecular skeleton (left side) of
one molecule and the molecular skeleton (right side) of its
adjacent molecule, forming the 1D 7— stacking. In p-PDTP, the
negative potential in the side chains moves to the side chain
terminal since nitrogen atoms with strong electronegativity are
located there, and accordingly the positive potential also
appears in the zone of the side chain near the molecular
backbone. As a consequence, besides the attraction between the
two sides of the skeleton, there also exists attraction between
the molecular skeleton (left side) of one molecule and the

16308 | J. Mater. Chem. A, 2019, 7, 16304-16312

molecular skeleton near the side chains of its adjacent mole-
cules, thus resulting in a 2D -7 stacking in p-PDTP.

To quantitatively clarify the effect of introducing pyridyl, we
calculated the presence of nitrogen atoms in the interaction by
the Hirshfeld Surface Analysis (HSA) using Crysta-
IExplorer17.°>¢* The obtained 2D fingerprint plots of the four
crystal structure are shown in Fig. 6 and Table 3. The decom-
position of the fingerprint plots shows that All---N contacts (all
intercontacts involving the nitrogen atom) comprise 12.5% of
the total Hirshfeld surface area for the crystal structure of TDTP,
while the percentage increases to 17.4%, 17.6%, and 18.1% in
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Fig. 6 Fingerprint plots of the studied ETMs: All---N and the resolved
percentages of contacts contributing to the Hirshfeld surface area. The
H---N, C---N, N---N, and S---N interactions are shown in areas 1, 2, 3,
and 4, respectively.
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Table 3 Summary of various contacts and their contributions to the
Hirshfeld surface of the investigated four crystal structures

All--N H-N C-N N--N SN
TDTP 12.5% 3.0% 3.9% 1.6% 3.9%
0-PDTP 17.4% 6.5% 5.1% 2.7% 3.1%
m-PDTP 17.6% 7.8% 4.3% 1.9% 3.7%
p-PDTP 18.1% 9.6% 4.5% 2.3% 1.8%

0-PDTP, m-PDTP, and p-PDTP, respectively. The improved All---
N percentage is mainly ascribed to the increase of H---N inter-
action in PDTPs, that is, the interactions of nitrogen atoms with
the neighboring hydrogen atoms. As can be seen in Table 3, the
H---N percentage is 3.0% in TDTP, but increases to 6.5% in o-
PDTP, 7.8% in m-PDTP, and 9.6% in p-PDTP, meanwhile the
percentage changes of other interactions (C---N, N---N, and S---
N) are not so manifest. This is consistent with the difference in
packing mode.

The electrical anisotropy of organic materials has attracted
much attention, due to the fact that it reflects the intrinsic
properties.®> Understanding the anisotropy of the mobility can
help control the orientation of the transistor channel relative to
the reference axis of the molecular crystal. We investigated the
angular dependences of the mobility and plotted the results in
Fig. 7. The electron mobility data in all these four single crystals
show remarkable anisotropic behavior. In TDTP the direction
with the highest electron mobility is along axis ¢ of the crystal
cell, along which the w is 0.093 cm® V™' s7', and the smallest
electron mobility is along axis a with a mobility value of 0.046
em?® V' s, The highest and the lowest mobilities of 0.035 and
0.016 cm® V™' 57! in 0-PDTP appear at 169° and 79°in the a-c
plane. The highest and the lowest mobilities of 0.102 and 0.045
em” V™' s in m-PDTP appear at 143° and 53° in the a-c plane,
which are similar to those in TDTP. The highest and the lowest
mobilities of 3.063 and 0.869 cm?® V' s~ in p-PDTP appear at

S
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2,00 21; \“:’“‘ig’;&/’}
et

3.00 §
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240 300
270
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Fig.7 Calculated mobility anisotropy curve for the investigated crystal
structure.
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164° and 73° in the a-b plane, which are two orders of magni-
tude higher than that in TDTP.

Based on the above analysis, we can see that introducing
pyridyl into TDTP is an effective method to improve electron
mobility, due to the fact that the enhanced interactions between
nitrogen atoms and hydrogen atoms change the packing mode
and increase the transfer integral in corresponding paths.

Interface properties

The MAPbI;/ETM interface has a deep influence on the electric
performance, such as V., Js, FF, and ultimate PCE.* In the
simulation of MAPDbI;/ETM interface properties, we chose the
(110) surface of tetragonal MAPbI;, which was determined as
one of the major facets in MAPbI; by first-principles calcula-
tions and powder X-ray diffraction measurements, and thus was
often used in similar calculations combined with ETMs.?>%%%
Both PbI,- and MA-terminated surfaces have been considered,
but calculations with the two different terminals provided
similar results, so we put the results of the Pbl,-terminated
surface in the main text (Fig. 8-10) and the results of the MA-
terminated surface in the ESI (Fig. ESI4-71).

As depicted in Fig. 8, in the optimized MAPbI;/ETM struc-
tures, the conjugated plane of ETMs is almost parallel to the
MAPbDI; surface and the distances between the ETM skeleton to
the MAPDI; surface are estimated to be 3.64, 3.95, 4.76, and 4.39
A for TDTP, 0-PDTP, m-PDTP, and p-PDTP systems, respectively.
It should be noted that unlike TDTP in which all atoms of the
molecule are almost in one conjugated plane, the newly intro-
duced pyridyl side chains in PDTPs deviate from the main
skeleton plane and interact strongly with the perovskite surface,
as can be seen in Fig. 8 where the nearest distances between the
side chains of PDTPs and the MAPbI; surface are less than 2.6 A.
In addition, as shown in Fig. ESI3 and ESI5,f the adsorbed
ETMs have small effects on the orientation of MA in MAPbIj;,
where the selected Hy,-I distances are a little larger in the case
of PDTP adsorption than that of TDTP adsorption. This implies

TDTP
“}W’”’%i 3.64A

b o Yok } 2

= =
E,4=-0.39 eV E,4=-0.80 eV
m-PDTP p-PDTP
E. - z&mg )
2,38 A J4a76A 2434 3 439A
=S O el ~ —— ‘
(g{ﬁ(ﬂ | o Bk B
== " BB\ —a~— % ) =
E,4=-143eV E,q=-0.93 eV

Fig. 8 Optimized structures and binding energies of the ETM on the
Pbl,-terminated MAPbI; (110) interface. The arrows indicate the
shortest distances between the MAPbIs surface and the skeleton (in
black) or side chain (in red) of the ETM.
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enhanced interactions between PDTPs and MAPbI;. The above-
mentioned structural features are consistent with the interface
adsorption energy (E.qs) difference, where the E.qs absolute
values of MAPbI;/PDTPs (0.80-1.43 eV) are much larger than
that of MAPDI;/TDTP (0.39 €V). Further analysis shows that the
MAPDI;/TDTP interface interaction occurs mainly through the
noncovalent bond of lead atoms in MAPbI; to sulfur atoms in
TDTP, while the MAPbI;/PDTP interaction arises mostly from
the interaction of the lead atom in MAPDI,; to the nitrogen atom
of the introduced pyridyl in PDTPs. Clearly, the MAPbI;/ETM
interface interactions are largely enhanced due to the intro-
duction of pyridyl into the ETM.

The MAPDIL;/ETM properties were further studied by the
analysis of partial density of states (PDOS),*® see Fig. 9. We need
to stress that it is challenging for first-principles calculations to
quantitatively reproduce the energy levels by experiments for
the combined MAPDbI;/ETM system due to imperfections of the
calculation methods and the large size of the system.®” Never-
theless, qualitative results about the effect of introducing pyr-
idyl on the interacting energy levels of the system are valuable.
In the MAPbI;/TDTP system, the CBM of MAPDI; lies above the
LUMO energy level of TDTP, ensuring electron injection from
MAPDI; to TDTP, while the VBM of MAPDI; is slightly lower than
the HOMO energy level of TDTP, indicating that the hole also
can transfer to TDTP. In this case, the electron and the hole are
likely to recombine at the MAPbL;/TDTP interface, leading to
the reduction of J,. In the newly designed MAPbI;/PDTP
systems, the CBMs (VBMs) of MAPDI; are larger than the LUMO
(HOMO) energy levels of PDTPs, showing suitable interface
energy levels that can promote electron injection and prevent
hole transfer, associated with the ease of charge separation and
the reduction of charge recombination. From this perspective,
introducing pyridyl into TDTP is beneficial for the improvement
of J,.. Note that the Eyomo value of isolated TDTP is 0.27 eV
lower than the VBM of MAPDI; (see Fig. 3), while the VBM of
MAPDI; is slightly lower than the HOMO energy level of TDTP in

T MAPb;
©0-PDTP,

Energy(eV) Energy(eV)

[ [ MAPDIg
p-PDTP|

[ MAPDI
[ m-POTI

Energy(eV) Energy(eV)

Fig. 9 Partial density of states (PDOS) with summed contributions
from ETMs and MAPbIs for the Pbl,-terminated MAPbls (110)/ETM
interface. The HOMO and LUMO energy levels of ETMs and the VBM
and CBM of MAPbIs are also shown.
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the MAPDI;/TDTP system (see Fig. 9). This point shows the
importance and necessity of studying the interface properties
rather than isolated molecules, because the weak interactions
between MAPbDI; and the ETM in the MAPbI;/ETM system result
in charge redistribution, which leads to the formation of the
interfacial electric dipole and the shift of energy levels. Similar
situations were also found in previous studies.®*”*

In order to explore the separation of electrons and holes, the
charge density difference (CDD) pictures of the MAPbI;/ETM
systems are depicted in Fig. 10, where the charge depletion and
charge accumulation are denoted by yellow color and blue
color, respectively. Clearly, significant charge redistributions
occur around the interface between MAPDbI; and the ETMs.
Different from the MAPDI;/TDTP interface where charge
depletion and accumulation mainly appear in the region of
interaction between S in the ETM and Pb in MAPbI;, at the
MAPbL;/PDTP interface, the charge redistributions appear in
both the region of S---Pb interaction and the region of N---Pb
interaction, suggesting that the N---Pb interaction plays an
important role in electron transfer at the interface. According to
the plane-integrated electron density difference along the z
direction (the right column in Fig. 10), the electron accumula-
tion (Ap < 0 region) mainly takes place in the conjugated plane
of TDTP in the MAPbI;/TDTP system, while the electron accu-
mulation occurs in both the PDTP skeleton and the side chain
of pyridyl in PDTPs/MAPDI; systems, illustrating that the added
pyridyl group takes part in electron transfer from MAPbI; to
PDTP.”>7* Further charge analysis based on Bader charge
analysis” shows that the numbers of transferred electrons from

Charge depletion

Charge accumulation Ap

15

10

Zk)

Z(ky

MAPbI,/p-PDTP Bo(e/A)

Fig. 10 Electron charge density difference (the left and middle
columns) and plane-integrated electron density difference along the z
direction (the right column) for the studied ETMs on the Pbl,-termi-
nated MAPDI5 (110) surface with an isovalue of 1 x 10~* e A~%.
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MAPDI; to ETMs are 0.48, 0.50, 0.39, and 0.39 electrons for
TDTP, 0-PDTP, m-PDTP and p-PDTP adsorbed on MAPDbI;
systems.

Conclusions

In this work, we have designed a series of ETMs (o-PDTP, m-
PDTP, and p-PDTP) through introducing pyridyl into the TDTP
molecule and investigated the energy levels and electron
transfer properties of isolated ETMs and the MAPbI;/ETM
interface properties. The newly designed PDTPs exhibit appro-
priate energy levels matched with MAPbI;, and larger band gaps
compared with TDTP. In respect of electron transfer, the
average mobility of p-PDTP is up to 1.65 cm®>V ' s~ *, which is 34
times higher than that of TDTP. The enhanced electron mobility
is attributed to the packing mode change from the herringbone
packing motif in TDTP to the 2D m-m stacking in p-PDTP.
Moreover, the PDTPs possess better air solubility and solubility
than TDTP. The obtained MAPbI;/ETM interface properties
demonstrate that introducing pyridyl is favorable for improving
electron transfer from MAPbI; to ETMs and decreases charge
recombination, which may help to enhance the short-circuit
current. Therefore, the newly designed m-PDTP and p-PDTP
could be used as efficient ETMs in inverted PSCs, and the
method of introducing pyridyl into ETMs could be a design
strategy for future experiments.
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