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ABSTRACT: The ways to overcome surface charge recombination and poor interface contact
are still the central challenges for the development of inorganic-organic hybrid halide perovskite
solar cells (PSCs). PCBM is commonly employed in PSCs, but it has some disadvantages
including high charge recombination and poor surface coverage. Therefore, the addition of an
interfacial engineering layer showing efficient surface passivation, electron extraction, and
excellent interface contact can solve the above problems. Furthermore, by employing interface
engineering with a spike structure of the energy levels, the reduced energy losses are beneficial
to elevating the open-circuit voltage (V,.) in PSCs. Herein, the linear naphthalene imide dimer
containing an indacenodithiophene unit (IDTT2NPI) has been developed as an excellent
interface engineering material to strengthen the perovskite performance. The introduction of a
spike interface on the top of a methylammonium lead triiodide (MAPbI3) film resulted in a high
Voe of 1.12 'V with the optimal efficiency reaching 20.2%. The efficiency enhancement can be
traced to the efficient surface passivation and enhanced interface contact. The mechanism of
IDTT2NPI as the interface engineering layer was investigated by both experiments and
theoretical calculations. This work provides a promising naphthalene imide-based interfacial

material for high-efficiency and stable PSCs.

INTRODUCTION

Inorganic-organic hybrid perovskite materials are characterized by beneficial photovoltaic

properties, for instance, small bandgap, high carrier mobility, long exciton diffusion length, and



solution processability. All these properties have earned widespread interest in the field of
semiconductor materials.!”* By employing high-efficiency perovskite materials to fabricate thin-
film solar cells, device efficiencies above 25% have been demonstrated, which suggests that
PSCs have a great potential for future commercialization.*® It is undeniable that the key issue
restricting the development of PSCs is still the device efficiency and stability.”” Despite the fact
that the PSCs can offer high power conversion efficiencies (PCE), surface defects of perovskite
materials and poor interface contacts in the devices are important issues that retard the
improvement of device performance and stability. On the one hand, there are incompletely
coordinated lead atoms on the perovskite surface, which would result in the generation of surface
recombination centers.!%!* Trap-assisted recombination could lead to energy losses in the device,
which is manifested by a significant decrease in the V,.. On the other hand, a poor interface
contact mainly occurs at the interface between the perovskite film and the carrier transport layer.
If the bottom layer (with respect to a deposition order in the manufacturing process) is not flat
enough, the perovskite film deposited on top may form pinholes; if the top layer is not smoothly
covered, the perovskite film would be in contact with the electrode material. Hence, poor
interface contact may cause ion migration in the perovskite layer, and water vapor may as well
penetrate into the perovskite film, hence causing degradation of the perovskite material with poor
device stability.!*!® Based on the above discussion, two significant problems may arise at the
interface between the layers. Thus, the development of efficient interface engineering materials

is key to solving the above problems.

Organic small molecule semiconductor materials as the interface engineering material can
be used to passivate surface perovskite traps and elevate the interface contact.!”?! According to

some literature results, heteroatoms or carbonyl groups in the structure of the organic



semiconductor materials form weak coordination bonds or hydrogen bonds to lead atoms at the
interface of the perovskite films.?*?® This type of intermolecular interaction has the potential to
reduce the effect of surface defects, thereby inhibiting recombination losses. In addition, the
interface engineering material, which is capable of forming a spike structure in the PSCs, may
improve the interface carrier transfer path and thus reduce the surface recombination.?’
Therefore, the mitigation of the effect of surface defects may effectively reduce the problem of
energy losses in the device, thereby further improving the device performance. Moreover, the
addition of the interface engineering layer could improve the coverage of perovskite film and
effectively protect the perovskite film, thus suppressing ion migration to enhance the device
stability.?®3° To the best of our knowledge, the p-i-n structure contributes to low-temperature
fabrication to allow spin-coating of all device layers in contrast to the more commonly utilized n-
i-p device structure. This offers a clear potential in the field of flexible PSCs. PCBM is usually
employed as the electron transport material (ETL) for inverted devices. But the higher density of
surface recombination centers and poor interface contact are inevitable problems when PCBM is
used.’!** As a result, the research on suitable interface engineering material to be deposited
between the perovskite film and the PCBM layer will be crucial for the development of inverted
PSCs. Compared with the existing and commercialized interface materials, the development of
novel interface materials with excellent surface passivation and electron extraction performance
has lagged behind. Moreover, the naphthalene imide-based semiconductors as the ETL could
improve the PSC’s performance and stability due to their excellent electron transport property.>+
38 Therefore, we aim to develop efficient naphthalene imide-based interface engineering
materials for high-efficiency PSCs with an inverted device structure, which is of great

significance to the innovation of the PSC filed.



In this work, IDTT2NPI has been developed by utilizing two classical organic reactions
with the advantage of their high yields and low cost of synthesis. Because of its largely planar
conjugated framework, IDTT2NPI exhibits excellent solubility in many organic solvents,
thermal stability, and high electron-transport property. Hence, IDTT2NPI acts as an interfacial
layer to strengthen the device performance. Through using a stepwise modelling approach
involving classical molecular dynamics (CMD), static density functional theory (DFT) and ab
initio molecular dynamics (AIMD) in combination with experiments, we can show that the
carbonyl groups of IDTT2NPI are central for the coordination to lead atoms at the MAPbI3
interface. The IDTT2NPI coordination may passivate the perovskite surface defects together
with improving the interface contact. In addition, it is noteworthy to mention that the
introduction of a novel spike structure strategy at the MAPbI; film and the PCBM layer interface
efficiently reduces energy losses, which boosts the V. of the resulting device to 1.12 V resulting
in a PCE as high as 20.2%. These results suggest that IDTT2NPI may become a commercially
viable and efficient interface engineering material for high-efficiency and stable PSCs based on

an inverted device structure.

RESULTS AND DISCUSSION

IDTT2NPI was synthesized by employing amidation and Stille coupling reactions, and the
total yield is 69%. As a result, compared with the cost of PCBM (2592 $ g!), the cost of
IDTT2NPI synthesis was estimated to 240 $ g!, implying that it is feasible for the IDTT2NPI to
serve as the interface engineering material with commercial potential. The synthetic route and

methods used are depicted in Scheme S1 and Supporting Information. The IDTT2NPI structure



was characterized by NMR spectroscopy and HRMS spectrometry, and the results are depicted
in Figures S1-S3. The UV-Vis spectra of IDTT2NPI were recorded in dichloromethane and in
the form of a thin film as shown in Figure S4. The thermal stability of IDTT2NPI was
investigated by thermogravimetric analysis, and the traces are displayed in Figure S5. The
weight loss temperature at 375 °C under a nitrogen atmosphere was 5%. In addition, IDTT2NPI
shows excellent solubility in dichloromethane (more than 20 mg mL"), chloroform (more than
20 mg mL™), and chlorobenzene (more than 20 mg mL'), indicating both excellent thermal

stability and feasibility for solution-based device fabrication.

Cyclic voltammetry (CV) was conducted to investigate the electrochemical properties of
IDTT2NPI, and the results are depicted in Figure S6. IDTT2NPI exhibits two pairs of red/oxi
peaks, which are likely to involve the redox chemistry of the naphthalene imide and
indacenodithiophene units in the molecule. The onset reduction potential of IDTT2NPI is -1.21
V in dichloromethane solution, and the first reduction peak is utilized to estimate its lowest
unoccupied molecular orbital (LUMO) level. As a result, the LUMO level of IDTT2NPI was
found to be -3.87 eV, which is close to the energy level of MAPbI; and PCBM, thereby fulfilling
the requirements of an electronic spike device structure with a potential to reduce energy losses
and thereby improve the V.. According to the LUMO level and the bandgap energy E, (2.01 eV,
as derived from the UV-Vis absorption results), the highest occupied molecular orbital (HOMO)

level of IDTT2NPI was found to be -5.88 V.

Furthermore, the ground-state geometries were used as a tool to explore the energy levels
and electron density distribution. As expected, the LUMO electron density is found at the
naphthalene imide framework, and the HOMO electron density is primarily found at

indacenodithiophene core, as illustrated in Figure S7. The estimated LUMO and HOMO energy



levels are respectively found to be -2.59 and -5.15 eV. These results are in excellent connection
with the CV investigation. The current density-voltage (J-V) traces of electron-only devices with
an architecture of ITO/ZnO/electron transport material/Ca/Al were recorded to reveal the
electron mobilities of PCBM and IDTT2NPI by employing the SCLC method as depicted in
Figure S8.3*? The electron mobilities were found to be 1.14x1073 and 1.23x10° cm? V! s! for
IDTT2NPI and PCBM, respectively, implying that IDTT2NPI may also be employed as a
potential ETL by itself. Overall, IDTT2NPI shows excellent physical properties as the interface

engineering material with the potential to improve the device performance.
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Figure 1. (a) Molecular structure of IDTT2NPI; (b) the inverted PSCs structure in this work; (c)

energy levels of materials.

PSCs were manufactured with and without the IDTT2NPI interface layer to understand the

influence of the interface engineering layer positioned in between the perovskite film and the



PCBM layer. A device structure was depicted in Figure 1b. F4-TCNQ as a p-type dopant in the
hole transport layer was used to enhance the conductivity of the PTAA film due to the
exceptional strong electron-accepting ability of F4-TCNQ (its LUMO level is -5.24 eV). The
energy level alignment in the inverted PSCs is depicted in Figure 1c. The devices not containing
the IDTT2NPI layer were included in this study as the control devices. Due to the difference in
the LUMO energy levels for the three materials (MAPbI;, IDTT2NPI, and PCBM) used in this
study, a spike energy level structure can be achieved to improve the device performance.
Initially, the effect of different film thicknesses of the interfacial layer on the device efficiency
was investigated, as shown in Figure S9, and the results are summarized in Table S1. The best-
performing device exhibited a PCE of 20.2% when an about 15 nm interfacial layer was
employed. The optimal device performance can partly be traced to the excellent film

morphology, better than for layers with other thicknesses.

Subsequently, the influence of the interfacial layer on the hysteresis effects in the PSC
devices was investigated. J-V characteristics were investigated for control devices and for about
15 nm interfacial layer-modified devices. The results in Figure 2a show that a negligible
hysteresis occurred in the IDTT2NPI-based devices in contrast to the control devices. According
to the equation (1),** the hysteresis index (HI) values were respectively found to be 0.025 and
0.00064 for the control and IDTT2NPI-based devices, which indicates that the IDTT2NPI layer
indeed reduces the hysteresis in inverted PSCs. As a result, the optimal IDTT2NPI-based device
under a forward scan exhibited an improved PCE of 20.2%, as compared to 18.3% of the optimal
control device, suggesting that the spike structure-based interface engineering applied through

IDTT2NPI can improve the device performance. The results are summarized in Table 1.
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Figure 2. (a) J-V curves obtained using forward and reverse scan directions for PSCs without or

with IDTT2NPI layer; (b) EQE spectrum and the integrated Js curves for PSCs with and without

IDTT2NPI layer; (c) stabilized photocurrent density and power output at the maximum power

point for devices with and without IDTT2NPI layer; (d) statistics of the PCE distribution of

PCBM- and IDTT2NPI/PCBM-based devices obtained from forward scan direction (40 devices

of each type).

Figure 2b shows the external quantum efficiency (EQE) spectra for the control and

IDTT2NPI-based devices, and there was a more efficient photoresponse of the IDTT2NPI-

modified solar cells. The integral Ji. values were estimated to be 21.4 and 22.6 mA c¢cm for the

control and IDTT2NPI-based devices, respectively, which are in excellent agreement with the



photocurrents obtained from the J-V investigation. The IDTT2NPI-based PSCs generated higher
photoresponse spectra than the control devices, which revealed the higher Jy.. Moreover, the
optimal control and IDTT2NPI-based devices respectively exhibited stable photocurrent
densities of 21.6 and 23.1 mA cm™, and stabilized PCEs of 17.6% and 19.2% as depicted in
Figure 2c. This emphasizes that the inclusion of an IDTT2NPI interface layer can consistently
improve the photocurrent density and PCE. The PCE statistical distribution histograms resulting
from the two types of devices are summarized in Figure 2d. The IDTT2NPI-based devices show
a much higher average PCE value, (19.7+0.3)% compared with the control devices (17.8+0.4)%.
These results agree well with the J-V characterization. These results indicate that IDTT2NPI acts

as an efficient interfacial layer to achieve high-efficiency PSCs with an inverted device structure.

Table 1. Best performance for the control and IDTT2NPI-based devices.

Conditions Scan direction Jse Voe FF PCE

[mAcem?]  [V]  [%] [%]

control FS 22.1 1.10 753 183
control RS 22.7 1.10 732 182
IDTT2NPI FS 23.5 1.12 763 20.2
IDTT2NPI RS 23.6 1.12 76.2 20.2

In order to get insights into the observed enhancement of the IDTT2NPI-based PSCs, the
perovskite film morphology was investigated by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Figures 3a-c show that all three films displayed smooth and
pinhole-free film morphologies, and the top-view SEM images of PCEM- or IDTT2NPI/PCBM-

coated films exhibit better film coverage than the bare perovskite film. The root-mean-square
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(RMS) roughness was estimated to be 18 nm, 14 nm, and 11 nm for the bare perovskite, PCBM-
or PCBM/IDTT2NPI-coated films, respectively, and the depth of grain boundaries is also lower
as depicted in Figure S10. These results imply that IDTT2NPI can improve the interface contact
and generate excellent surface and grain boundary conditions, thereby inhibiting water-induced
degradation of the perovskite film. In order to gain insight into the function of the IDTT2NPI
layer as an efficient passivator for the perovskite film, also X-ray photoelectron spectroscopy
(XPS) was measured to understand the interaction between the layers. The lead and iodine peaks
of IDTT2DN-based films shift to the lower binding energies as depicted in Figures S11-S12,
indicating the existence of intermolecular interaction. Furthermore, the lead and iodine peak
positions do not change significantly after washing with chlorobenzene indicating a strong
IDTT2NPI-MAPDI; interaction. These results demonstrate that IDTT2NPI could passivate the

surface traps and thereby strengthen the interface contacts.

a b

Figure 3. Top-view SEM images of the MAPbI; film (a), and PCBM (b)-, or IDTT2NPI/PCBM

(c) -modified MAPDI; films.

For a deeper insight into the interaction between the IDTT2NPI and MAPDI; layers, steady-
state photoluminescence (PL) spectra of MAPbI; films with various modifications were

conducted. PL quenching was clearly observed when an ETL has been applied in Figure 4a. As

11



expected, the IDTT2NPI/PCBM-based film shows a more pronounced quenching than the other
materials, suggesting that the IDTT2NPI layer could improve the electron extraction efficiency
from the perovskite film to the PCBM layer. The thickness of the IDTT2NPI interfacial layer is
very thin (about 15 nm), so the addition of IDTT2NPI has little effect on the electron transport in
the device. Moreover, the focus is that the IDTT2NPI layer can passivate the surface defects and
improve the interface contact, which is more conducive to electron extraction and transport. It is
noteworthy to mention that the PL intensity of the IDTT2NPI/PCBM-modified film does not
change after washing with chlorobenzene, which agrees well with the above mentioned XPS
results. In order to further investigate the IDTT2NPI passivation effect, the V,. versus light

),* where k,

intensity (I) curve was recorded. The V,. and [ are related according to equation (2
T, and q represent the Boltzmann constant, the temperature in Kelvin, and the charge,
respectively. This equation indicates that the slope of V. vs. I is associated with the trap-assisted
recombination, as depicted in Figure 4b. A linear model fitted to the data rendered a slope from
the PCBM-based devices (1.42 kT q!) and the IDTT2NPI/PCBM-based devices (1.30 kT q’')
implying that the spike structure-based interface engineering suppresses the trap-assisted

recombination and consequently reduces the energy losses, which in turn contributes to the

improvement of the V,. and the PCE.
8V, = (kq—T) In(I) + const (2)

In order to gain a deeper understanding of the film passivation on the device performance,
electron-only SCLC devices were measured to extract information on trap densities and electron
mobilities in the two types of devices. The structure of ITO/SnO,/MAPbI;/IDTT2NPI/ PCBM/Al

was fabricated, and a device without an IDTT2NPI layer was used as the control. Evaluation of

12



the data in Figure 4c* renders a lower trap density of 1.65x10'> ¢cm™ for the IDTT2NPI-based
devices as compared with the control devices (2.35x10'> cm™). The results are summarized in
Table S2, and the results show that the surface defects of the perovskite films are reduced upon
the addition of the IDTT2NPI layer. In addition, higher electron mobility of 0.028 cm? V! s’
was obtained for the devices based on the IDTT2NPI material as compared to that of the control
device (0.018 cm? V! s!). These results directly confirm that spike structure-based interface
engineering plays a significant role to strengthen defect passivation and electron transport for the
PSCs. In order to demonstrate the effect of the IDTT2NPI layer on the performance
improvement, time-resolved photoluminescence (TRPL) spectra of a bare perovskite film and
two modified films were conducted, and the TRPL decays were modelled using a biexponential
decay function. Figure 4d displays that the obtained decay lifetimes for the two types of devices
and the fluorescence lifetime microscopy images are shown in Figure S13. Both more efficient
PL quenching and faster TRPL decays were observed upon the incorporation of the IDTT2NPI
layer, which presents a signature of an improved interface electron transfer. Moreover, the decay
lifetimes of the IDTT2NPI-modified film are slightly shorter than for the control film, which

indicates that interface engineering renders a higher electron injection rate.

Theoretical calculations. In order to describe the interaction between MAPbI; and the
IDTT2NPI molecule, we performed theoretical calculations in three steps. Firstly, classical
molecular dynamics (CMD) simulation was employed by using OPLSAA force field to study the
interaction between MAPbI; and IDTT2NPI and generate a rough coordination pattern of the
perovskite-IDTT2NPI interaction based on one IDTT2NPI molecule and a comparably big
perovskite slab, in which the methylamine cations were substituted for Cs" cations to avoid

orientational effects. Secondly, the geometry optimization of a static density functional theory
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(DFT) was performed to further identify the predominant interaction sites between CsPblz and
the IDTT2NPI molecule. Finally, ab initio molecular dynamics (AIMD) simulation was used to

accurately investigate the dynamic structural flexibility of the IDTT2NPI-CsPbl3 interaction.
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Figure 4. (a) Steady-state photoluminescence spectra for MAPbI3 films, naked and coated by
PCBM or IDTT2NPI/PCBM; (b) Vo versus light intensity for PCBM- and IDTT2NPI/PCBM-
based devices (symbols), together with a linear model fitted to the data (solid lines); (c) current-
voltage traces of PCBM- and IDTT2NPI/PCBM-based MAPDI; films investigated by the SCLC
method; (d) TRPL spectra for naked MAPDI; films and those coated by PCBM or

IDTT2NPI/PCBM.

14



Classical molecular dynamics simulation. In order to explore the interaction between the
model perovskite CsPbl; slab and an IDTT2NPI molecule, a 5 ns CMD simulation was
performed. The initial and equilibrium structures are displayed in Figures S14 and SI15,
respectively. The equilibrium structure shows that the strong interaction between CsPblz and the
IDTT2NPI molecule most likely can be attributed to the interaction between O, rather than S,
atoms in the IDTT2NPI molecule with Pb atoms at the perovskite surface. The radial distribution
function (RDF) between Pb and O atoms gpvor), as well as between Pb and S atoms gpps(r), were
investigated and are shown in Figure S16. From gphor), we can note that the first peak of gpro)
ranges from 2.75-3.65 A and the maximum value is located at 3.00 A. This result suggests that
the nearest distance between O (in IDTT2NPI) and Pb (in CsPbls) is 2.75 A and the distance of
the highest probability is 3.00 A. This suggests the binding distance at the level of CMD. On the
other side, in the RDF of gpbsy), the first peak of gpusyy ranges from 4.45-6.19 A and the
maximum value is located at 5.47 A. Compared with the distances recorded for the Pb-O
contacts, as well as compared to typical Pb-O and Pb-S distances, this suggests that partly due to
the greater planar rigidity and the steric hindrance of the side chains, the Pb-S interaction is
much weaker and that the predominant interaction between IDTT2NPI and the perovskite

surface is mediated by the Pb-O interactions.*®

Static density functional theory. The structure obtained from static DFT optimization
performed with the preferred coordination inferred by the CMD simulations is similar to that
obtained from CMD simulation, as shown in Figure 5. The IDTT2NPI coordinates to the surface
of the perovskite slab after rotating two of its alkyl chains. Compared with the results of CMD,

the bonding interaction between IDTT2NPI and the perovskite model shows that one carbonyl

15



oxygen of the side chain is strongly bonded to Pb at a distance of 2.71 A, and another carbonyl

oxygen on the opposite side chain is weakly bonded to Pb with a bond distance of 3.09 A.
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Figure 5. The DFT optimized structure of the IDTT2NPI-CsPbl; model system.

Ab-initio molecular dynamics simulation. In order to further investigate the interaction
between IDTT2NPI and the perovskite surface, we employed AIMD to simulate the model
system of CsPbls and the IDTT2NPI molecule. The dynamics of the key atomic distances of Pb-
O and Pb-S are outlined in Figure 6a, which are displayed by red and blue curves, respectively. It
can be noted that both Pb-O and Pb-S distances are quite stationary. The Pb-O distances range
from 2.32-3.55 A, and the Pb-S distances range from 3.92-5.17 A, respectively. This again
suggests the preference of Pb-O interaction over Pb-S interaction. Figure 6b shows the dynamics
of the distances of Pb-S (blue, just as in Fig. 6a) and I-S (yellow), which range from 3.92-5.17 A
and 3.72-4.50 A, respectively. This suggests that the Pb-S interaction may be weaker than the I-S
interaction, which can be explained by a charge distribution analysis. Table S3 lists the average
charge distributions of Mulliken population analysis of each step AIMD simulation on O, N, S,

Pb and I atoms. The charge distribution of O, N, S, Pb and I are -0.53, -0.55, 0.21, 0.80, and -

16



0.53 e, respectively. This indicates that there is an electrostatic attraction between Pb and O,
whereas an electrostatic repulsion between Pb and S. This may contribute to the closer Pb-O
interaction. Although the negative charge of N would suggest a potential for strong electrostatic
interaction, steric hindrance blocks its interaction with the surface. The S atoms may be closer to
I than to Pb because of the electrostatic interaction, which is, however, still longer than the Pb-O
contacts. Overall, the strongest interaction between IDTT2NPI and the perovskite model CsPbls
can be linked to the close Pb-O contacts. Above all, these results clearly demonstrate that the
carbonyl groups of IDTT2NPI can coordinate to Pb atoms on the perovskite surface, which is

beneficial for efficient surface passivation and improved interface contact.
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Figure 6. (a) The distances of Pb-O and Pb-S for the IDTT2NPI-CsPbls model system during
AIMD simulation; (b) the distances of I-S and Pb-S for IDTT2NPI-CsPblz model system during

AIMD simulation.

Finally, the stability of the devices was carried out. Figure S17 displays the stability of the
two types of devices encapsulated under the ambient atmosphere at about 25% humidity. After
storage for 150 h, the device efficiency of the control devices degrades by 40% of the initial

value, whereas that of the IDTT2NPI-based devices maintained 60% of the initial performance
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under the same conditions. These results may be attributed to the surface passivation retarding
the degradation of the perovskite film.*”> *® Also water contact angles were determined, as
depicted in Figure S18. The IDTT2NPI-coated film shows a slightly larger contact angle,
although both films are highly hydrophobic. This indicates that the main effect of IDTT2NPI lies

in the smooth films formed with few pin-holes, cracks, and similar defects.

CONCLUSION

In summary, a linear conjugated NDI dimer (IDTT2NPI) has been developed and combines
the advantages of facile synthesis, low cost, and potential for commercialization. IDTT2NPI
exhibits excellent solubility, thermal stability, suitable energy levels, and high electron mobility
qualifying it as a promising interface engineering material for inverted PSCs with the aim to
improve device performance and stability. The best PCE of IDTT2NPI-based device amounted
to 20.2%, to be compared to that of a PCBM-only control device (18.3%). Most likely this can
be attributed to efficient electron extraction, surface passivation, and interface contact mediated
by IDTT2NPI. In addition, spike structure-based interface engineering is suggested to suppress
trap-assisted recombination losses between the perovskite film and the PCBM layer resulting in
an improvement of V,. and PCE. Furthermore, by using classical molecular dynamics, density
functional theory, ab initio molecular dynamics, XPS, and steady-state PL, the intermolecular
interaction between the perovskite film and the IDTT2NPI layer can be elucidated. As a result,
the carbonyl groups in IDTT2NPI coordinate to lead atoms at the surface of perovskite films.
These results identify important guidelines in the search for organic small molecules to passivate

the surface defects of the perovskite film.

18



EXPERIMENTAL SECTION

Calculation methods. In order to describe the interaction between the MAPbI; and the
IDTT2NPI molecule more accurately, three methods including classical molecular dynamics
(CMD) simulation, static density functional theory (DFT) and ab initio molecular dynamic
(AIMD) were utilized. The atoms of the perovskite model slab were kept fixed in all calculations.
Firstly, classical molecular dynamics (CMD) simulations were performed by using the Tinker
8.7 package employing the OPLS-AA force field at a temperature of 298 K. The Packmol
software was used to build the initial model system for CMD consisting of 741 atoms including
the perovskite slab and the IDTT2NPI molecule. In order to avoid less important orientational
and symmetrical effects, the methyl ammonium cations were replaced by Cs* cations in the
perovskite model (CsPblz). NVT (particle number, volume, and temperature) ensemble and
three-dimensional periodic boundary conditions were employed with the box edge lengths of
44.0,32.4, and 42.0 A. The total time of CMD simulation was 5 ns and the time step was set to 1
fs. The cut-off radius was set to 16.2 A, which was half of the minimum box length for non-
bonded interactions. Berendsen thermostats were adopted to keep the temperature constant
during the simulation. Secondly, DFT geometry optimization of the complex of CsPbl; and
IDTT2NPI was performed using Gaussianl6 to investigate the nature of interaction between the
IDTT2NPI molecule and the perovskite slab CsPblz. The model consists of a two-layer CsPbls
model and one IDTT2NPI molecule (316 atoms in total). The slab-molecule interface consists of
Pb and I. Basis sets based on SDD effective core potentials (ECPs) were used for CsPblz and 6-
311G** for the IDTT2NPI molecule. Thirdly, in order to study the dynamic processes of

flexibility of the perosvlite-molecule interaction, ab initio molecular dynamics (AIMD)
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simulations were performed by the TeraChem 1.9.3 code with a canonical ensemble thermostat
(NVT). The calculations were performed using the functional B3LYP and basis sets of 6-31G*
quality. LANL2DZ effective core potentials were used for CsPbls. Using the DFT optimized
structure as the starting point, Born-Oppenheimer MD was run for 5 ps at 298 K, using a step

size of 1 fs.
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