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Abstract: How to design and synthesize interfacial engineered materials that have efficient
surface passivation and electron extraction properties is an important problem in the field of
optoelectronic materials. Herein, a simple naphthalene imide dimer, namely 2FBT2NDI, is
developed by Stille coupling reaction with a high yield, and it is used as interface engineering
for inverted perovskite solar cells (PSC). Owing to the existence of intermolecular
interactions between MAPbI; and the 2FBT2NDI layer, the introduction of the interfacial
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layer can passivate the surface defects of perovskite film and improve interface contact. In
addition, 2FBT2NDI exhibits suitable energy levels and high electron mobility because of its
large linear conjugated skeleton containing two fluorine atoms, which are beneficial for
electron extraction for efficient PSCs. Employing 2FBT2NDI as an interfacial layer, inverted
PSCs show a maximum power conversion efficiency of 20.1%, which is over 14% higher
than that of the control devices without interfacial layer (17.1%). These results highlight that
the naphthalene imide dimer can potentially be used as a commercializable interfacial

material for achieving high-performance PSCs.

1. Introduction

Perovskite solar cells (PSCs) have attracted wide attention of researchers in the
photovoltaic field because of high power conversion efficiency (PCE) and great potential for
commercialization [1]. The addition of the electron transport layer (ETL) and hole transport
layer in PSCs enhances the directional charge transport of perovskite materials and reduces
the charge recombination to improve the device performance [2, 3]. Therefore, the exploration
of hole transport and electron transport materials play a crucial role in the development of the
PSCs [4]. As far as we know, metal oxides and fullerene derivatives are commonly used as
the electron transport materials in PSCs. However, using metal oxides as the ETL, their low
electrical conductivity and lots of film surface defects will greatly affect the charge
transporting properties. Additionally, PCBM is a fullerene derivative and has disadvantages
such as insufficient perovskite film coverage and poor chemical stability [5, 6]. The
hydrophilic nature of the ester group of PCBM could accelerate the destruction of perovskite
by water under ambient condition [7]. Therefore, there is the addition of interfacial layer
between perovskite and PCBM layer to modify perovskite film and enhance electron

extraction, which can make up for the shortcoming of PCBM. Furthermore, high-efficiency



electron transport materials (metal oxides and PCBM) have a relatively single function, and
only electron transport cannot improve interface contact or passivate the surface defects of
perovskite films, which is not conducive to further improving the device performance and
stability [8]. Therefore, there is a strong motivation to design and synthesize
commercializable interfacial materials that have enhanced electron extraction and efficient
surface passivation.

Naphthalene diimides (NDI) derivatives are classic organic dyes that are widely used as
the electron transport materials in organic solar cells [9-11], organic light-emitting diodes [12,
13], and organic field effect transistors [14, 15]. However, NDI derivatives have small
conjugated skeleton, resulting in unsuitable LUMO levels and low electron mobilities [16, 17].
When they are used as the ETLs, these disadvantages cause energy level barrier and make
them difficult to achieve efficient electron injection and transport. Therefore, the development
of NDI derivatives with suitable energy levels and high electron mobility has attracted
significant attention in the optoelectronic material field. Benzothiadiazole-dithiophene is a
classic electron-withdrawing group that is usually used to construct organic semiconductors
with larger conjugated framework [18, 19]. It also contains several nitrogen and sulfur atoms,
easily generating hydrogen bonds and strong intermolecular interactions, which could
passivate the surface defects of perovskite films. Therefore, our interest is developing NDI
derivatives with benzothiadiazole-dithiophene unit as a novel interfacial engineered material
for efficient inverted PSCs. However, owing to the unsuitable energy levels and low electron
transport property, the NDI derivative containing benzothiadiazole-dithiophene unit shows
poor photovoltaic performance [20]. Hence, we have developed the NDI dimer with
bisfluorobenzothiadiazole-dithiophene conjugated framework (2FBT2NDI) to solve the above
problem. On the one hand, fluorine is a strong electron-withdrawing atom that can effectively

lower the molecular energy levels and helps to improve charge extraction and transport. On



the other hand, the fluorine atom, the most electronegative element, could form the hydrogen
bonds and strong intermolecular interactions, which is beneficial for passivating the
perovskite surface defects and suppressing recombination losses. In addition, 2FBT2NDI can
be prepared by a simple synthetic route with a high yield, and such a simple molecular
structure has a better chance for achieving commercial production.

Herein, 2FBT2NDI was synthesized by the simple Stille coupling reaction with a high
yield. Furthermore, 2FBT2NDI has a large linear conjugated skeleton, and the introduction of
two fluorine atoms and benzothiadiazole-dithiophene unit can regulate the energy levels and
enhance intermolecular interactions, which allow the molecule to exhibit good thermal
stability and high electron mobility. Thus, 2FBT2NDI was utilized as interface engineering
for inverted PSCs in this research to passivate the MAPbI; surface defects and to improve the
electron extraction and transport. Compared with the control device without 2FBT2NDI, the
addition of the 2FBT2NDI as the interfacial layer effectively improved the electron extraction,
suppressed the charge-trapped recombination at the perovskite/ETL interface, reduced the
hysteresis effect, and improved the device performance. After optimization, the efficiency of
the device with the interfacial layer reached to 20.1%, which demonstrated that 2FBT2NDI is

a highly efficient interfacial engineered material with great potential in the photovoltaic field.

2. Experimental Section
2.1. Synthesis of compound Br-NDI

Br-NDI: 4-Bromo-1,8-naphthalic anhydride (5 g, 18.05 mmol) and 3-aminopentane (12.6
mL, 0.108 mol) were added to 50 mL dry ethylene glycol and stirred at 100 °C under an argon
atmosphere. After 10 hours, the reaction was cooled to room temperature. Then the mixture
was poured into 50 mL water, and extracted with 30 mL of dichloromethane three times. The
combined organic layer was washed with brine, dried over magnesium sulphate, and

concentrated. The crude product was purified by silica gel column chromatography with
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petroleum ether:dichloromethane (2:1, v/v) as eluent to obtain Br-NDI (81%, 5.06 g, 14.62
mmol). "TH NMR (400 MHz, CDCls, 25 °C, §) : 8.64-8.63 (d, 1H, Ar H), 8.56-8.54 (d, 1H, Ar
H), 8.40-8.38 (d, 1H, Ar H), 8.04-8.02 (d, 1H, Ar H), 7.86-7.82 (t, 1H, Ar H), 5.05-5.00 (m,
1H, CH), 2.29-2.17 (m, 2H, CH>), 1.96-1.85 (m, 2H, CH>»), 0.92-0.85 (t, 6H, CH3).
2.2. Synthesis of compound 2FBT2NDI

2FBT2NDI: Br-NDI (0.2 g, 0.58 mmol), 2FBT (0.15 g, 0.23 mmol), Pd2(dba); (54 mg,
0.058 mmol) and tris(2-methylphenyl)-phosphine (76 mg, 0.23 mmol) were added to 15 mL
dry toluene and stirred at 110 °C under an argon atmosphere. After 12 hours, the solvent was
stripped off by a rotary evaporator, and the crude product was purified by silica gel column
chromatography with petroleum ether:dichloromethane (1:2, v/v) as eluent to obtain
2FBT2NDI (82%, 0.16 g, 0.19 mmol). '"H NMR (400 MHz, CDCls, 25 °C, §) : 8.74-8.72 (d,
2H, Ar H), 8.68-8.63 (t, 4H, Ar H), 8.46-8.45 (d, 2H, Ar H), 7.98-7.96 (d, 2H, Ar H), 7.85-
7.80 (t, 2H, Ar H), 7.54-7.53 (d, 2H, Ar H), 5.10-5.07 (m, 2H, CH), 2.30-2.26 (m, 4H, CH>),
1.96-1.92 (m, 4H, CH>), 0.95-0.91 (t, 12H, CH3); *C NMR (100 MHz, CDCls, 25 °C, §) :
155.39, 151.46, 143.49, 137.96, 133.65, 131.83, 129.77, 129.27, 129.12, 128.69, 127.48,
57.56, 25.06, 11.33; MALDI-TOF-MS (HRMS) m/z: [M] calculated for CagH36F2N404S3,
866.1867; found, 866.1841.
2.3. Device fabrication

The 5 mg mL' 5 wt% F4-TCNQ doped PTAA precursor solution was prepared by
dissolving PTAA and F4-TCNQ in chlorobenzene. The 0.5 mg mL' PMMA precursor
solution was prepared by dissolving PMMA in ethyl acetate. The MAPbI3 precursor solution
was prepared by dissolving 1.037 g Pbl; and 0.376 g MAI (Pbl,: MAI molar ratio = 1:1.05)
into 1.35 mL DMF and 0.15 mL DMSO mixed solvent. The 2FBT2NDI precursor solutions

of different concentrations were prepared by dissolving 2FBT2NDI in chlorobenzene. The 10



mg mL"! PCBM precursor solution was prepared by dissolving PCBM in chlorobenzene. The
0.7 mg mL"! Bphen precursor solution was prepared by dissolving Bphen in ethanol.

The perovskite solar cells were fabricated as follows. First, the indium tin oxide (ITO)
substrates (2x2 cm?) were ultrasonically and subsequently cleaned with deionized water,
acetone, and isopropanol for 15 min, respectively. Then, the substrates were dried by blowing
nitrogen and then treated with O3 plasma for 15 min before use. After that, a PTAA: F4-
TCNQ precursor solution was spin-coated on the cleaned ITO at 6000 revolutions per minute
(rpm) for 20 s. Then, the films were annealed at 100 °C on a hot plate for 2 min. For the
deposition of the thin passivation layer, the PMMA precursor solution was spin-coated on the
top of the ITO/PTAA:F4-TCNQ substrates at 6000 rpm for 20 s, and then annealed at 100 °C
for 2 min. After the substrates were cooled down, the MAPbI; precursor solution was spin-
coated on the ITO/PTAA:F4-TCNQ/PMMA substrates at 6000 rpm for 20 s. 2-Butanol (300
uL) was used as the antisolvent and was dropped on the wet MAPDI; precursor film atthe
eighth second during the spin-coating process, and then the films were annealed at 100 °C for
10 s. The above spin-coating processes were conducted in a glove box under a nitrogen
atmosphere and with a real-time humidity of <I ppm. Finally, the perovskite films were
transferred on a hot plate, first annealed in ambient air (at 100 °C, for 15 min, with a real-time
humidity of 55-65%), and then annealed in DMSO atmosphere with the same temperature and
time. For the DMSO atmosphere, 100 uLL. DMSO was dropped into a small ceramic crucible,
and then a glass Petri dish was used to cover the samples and crucible. After the films were
cooled down, the 2FBT2NDI precursor solution (10 mg mL™') was spin-coated on the
perovskite layer at 2500 rpm for 30 s, and the PCBM precursor solution was spin-coated on
the 2FBT2NDI layer at 2500 rpm for 30 s. Then, the Bphen precursor solution was spin-

coated without additional annealing. The devices were completed by evaporating a 100 nm



thick aluminum film as the electrode. The active device area was set as 0.12 cm? (0.3x0.4
cm?) by the overlapping area between the top Al cathode and the bottom ITO anode.

The electron-only devices for PCBM or 2FBT2NDI films were fabricated as follows.
The 1.5 M ZnO precursor solution was spin-coated on the cleaned ITO at 4000 rpm for 30 s
and then annealed at 200 °C for 30 min. After the films were cooled down, the 20 mg mL"!
PCBM or 2FBT2NDI chlorobenzene solution was spin-coated at 1000 rpm for 30 s without
additional annealing. Finally, Ca (10 nm) and Al (100 nm) films were evaporated on top of
the active layer as the electrode.

The electron-only devices for perovskite films were fabricated as follows. The 0.5 M
SnO, precursor solution was spin-coated on the cleaned ITO at 2000 rpm for 30 s and then
annealed at 150 °C for 30 min. The rest of the fabrication steps is similar to the fabrication of

PSCs.

3. Results and Discussion
3.1. Synthesis and characterization

2FBT2NDI was synthesized as displayed in Figure la by Stille coupling reaction with a
yield of 82%. The resulting product was fully characterized by 'H NMR, 3C NMR and
HRMS, and these data are consistent with its proposed molecular structure. 2FBT2NDI
exhibits excellent solubility in chloroform (over 30 mg/mL) and chlorobenzene (CB) (over 20
mg/mL) because of its linear conjugated framework and herringbone side chains. Thermal
gravimetric analysis was used to investigate the thermal stability of 2FBT2NDI. The result in
Figure S3 exhibited a 5% weight loss at 436 °C under a nitrogen atmosphere, which indicated

that 2FBT2NDI has good thermal stability.
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Figure 1. (a) Synthetic route of 2FBT2NDI; (b) the DFT calculations of the LUMO (top) and
HOMO (bottom) electronic density distributions for 2FBT2NDI; (¢) UV-Vis absorption
spectra obtained in dichloromethane solution and in thin film; (d) cyclic voltammetry of

2FBT2NDI obtained in the thin film.

3.2. Optical, electrochemical and electron-transport properties

The UV-Vis absorption spectra of 2FBT2NDI in Figure lc show absorption peak
maxima at 467 nm in dichloromethane solution with a & of 2.65x10* M cm™! and 487 nm in
the thin film, respectively. From the absorption onset in solution, the material’s optical gap
(Eg) was calculated to be 2.22 eV. These results indicate that the absorption peak maxima of
2FBT2NDI were red shifted by 20 nm, demonstrating the presence of strong intermolecular
interactions in the solid state because of the intermolecular hydrogen bonds and F:--F
interactions. Cyclic voltammetry (CV) was used to estimate the material’s electrochemical
properties (Figure 1d). 2FBT2NDI has two pairs of reversible reduction peaks and no
oxidation peaks in the CV sweep, and the onset reduction potential is at -1.48 V for
2FBT2NDI in the film state. Moreover, the half-wave potential of the onset reduction peak
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was used to calculate the LUMO level of 2FBT2NDI. As a result, the LUMO level of
2FBT2NDI was estimated to be -3.60 eV in the thin film as shown in Figures 1d, which
closes to the LUMO of the MAPDI; perovskite, and thus 2FBT2NDI as the interfacial material
with spike structure can reduce interfacial traps and carrier recombination [21]. According to
E; and the LUMO level, the HOMO of 2FBT2NDI was calculated to be -5.82 e¢V. In order to
further explore the electronic density and energy levels of 2FBT2NDI, the ground-state
geometries were optimized by DFT calculations as shown in Figure 1b. It is seen that both
HOMO and LUMO electronic densities are located on the bisfluorobenzothiadiazole-
dithiophene unit, indicating that this group is a stronger electron withdrawing group than NDI
units. The calculated HOMO and LUMO levels are -5.72 and -3.18 eV, respectively, which
are relatively consistent with the CV data.

Space charge limited current (SCLC) data for PCBM and 2FBT2NDI were measured to
estimate the electron transport properties [22, 23], and the structure of the electron-only
device was ITO/ZnO/PCBM or 2FBT2NDI/Ca/Al. As shown in Figure S5, high electron
mobilities of 1.22x107 cm? V! 57! for PCBM and 1.15x107% cm? V! 57! for 2FBT2NDI were
obtained, indicating that 2FBT2NDI has similar electron mobility to that of PCBM. These
results show that 2FBT2NDI has the potential to be used as an electron transport material in
the photovoltaic field.

3.3. Performance of perovskite solar cells

To investigate 2FBT2NDI as a interfacial layer for inverted PSCs, the devices were
utilized with a structure of ITO/PTAA:F4-TCNQ/PMMA/MAPDI;/2FBT2NDI/PCBM/Bphen
/Al, as shown in Figure 3a and 3d. The devices without a 2FBT2NDI layer served as a
reference. In these devices, PTAA and F4-TCNQ were used as the hole transport material and
p-type doping material, respectively. F4-TCNQ-doped PTAA dissolved in CB was spin-

coated onto an ITO substrate. Furthermore, to improve the device performance, PMMA was



used as the passivation layer at the hole transport layer/MAPDI; interface, and 4,7-diphenyl-
1,10-phenanthroline (Bphen) served as a thin buffer layer [24]. MAPbI; was deposited in a
one-step process to form a perovskite layer. Finally, either 2FBT2NDI/PCBM or PCBM was
utilized as the ETL to evaluate the effect of using a 2FBT2NDI layer on the device
performance.

It is necessary to investigate the efficient passivation between perovskite film and
2FBT2NDI layer, thus X-ray photoelectron spectroscopy (XPS) was applied to prove it and
the results are shown in Figures 2g and S6. It is found that the Pb (4f) and I (3d) peaks of
2FBT2NDI-covered perovskite film slightly moved to the low binding energy compared with
the pure perovskite, which indicates that there is an intermolecular interaction between
perovskite film and 2FBT2NDI layer. In addition, the two peak positions did not change after
using CB to wash the 2FBT2NDI-covered perovskite film, implying that there is a strong
intermolecular interaction which ensures that 2FBT2NDI layer would not be washed off by
the saturated CB solution of PCBM. This interaction would be attributed to the carbonyl and
fluorine atoms of 2FBT2NDI coordinated with the Pb atoms on the surface of MAPDI;
perovskite film [25-27]. Photoluminescence (PL) spectra of the pure perovskite and
2FBT2NDI-covered perovskite films were measured to further illustrate the existence of this
interaction, as shown in Figure 2h. It is obvious that there are PL quenching for 2FBT2NDI-
covered film and CB washed film compared with the pure perovskite film. The PL intensity
of the two 2FBT2NDI-covered films can be kept nearly constant, indicating that this
interaction does exist which agrees well with the XPS measurement. These results indicate
that there is efficient passivation layer on the perovskite film because the saturated CB

solution of PCBM cannot wash off 2FBT2NDI layer.
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Figure 2. AFM images of the perovskite film (a) and that covered by PCBM (b) or
2FBT2NDI (c) on ITO substrates; SEM images of the perovskite films covered by PCBM (d)
or 2FBT2NDI/PCBM (e) on ITO substrates and the bare Pbl, particles marked with red
circles; (f) steady-state PL spectra for perovskite films covered by PCBM or
2FBT2NDI/PCBM; (g) XPS core level spectra of Pb 4f for pure perovskite film and two
2FBT2NDI-covered perovskite films; (h) steady-state PL spectra for pure perovskite film and

two 2FBT2NDI-covered perovskite films.

Atomic force microscopy (AFM) was used to investigate the surface morphologies of
perovskite, PCBM-covered, and 2FBT2NDI-covered films. Figures 2a, 2b and 2c¢ show that

the bare perovskite film contains large grains with a root mean square (RMS) roughness of
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18.5 nm. As expected, the film roughness significantly decreased when 2FBT2NDI or PCBM
was covered on the perovskite films and both their thickness was 15 nm, which lowered the
RMS roughness to 14.3 nm for PCBM and 13.1 nm for 2FBT2NDI, respectively. This
indicates that the interface layer has a high coverage on the perovskite film, which makes the
surface smoother to improve interfacial contact. Interestingly, the 2FBT2NDI-covered
perovskite film showed a smoother surface morphology than that of PCBM, which can
increase the electron extraction efficiency and reduce the contact between the perovskite layer
and metal electrode. Therefore, this smooth morphology based on 2FBT2NDI-covered film
can enhance the electron extraction and collection. Furthermore, Figures 2d and 2e show the
scanning electron microscopy (SEM) images of perovskite films covered with PCBM or
2FBT2NDI/PCBM on the ITO substrates. Both films exhibited dense, pinhole-free
morphologies, but there were still many bare Pbl, particles on the surface of the PCBM-
covered film [28]. In contrast, the Pbl, particles on the surface of 2FBT2NDI/PCBM-covered
film was significantly reduced or covered, which prevented the perovskite layer from directly
contacting the metal electrode to improve the device stability. These results reveal that
2FBT2NDI can act as an efficient interface engineering to improve the photovoltaic
performance and stability of PSCs.

Employing 2FBT2NDI as interface engineering, the film thickness is a key factor for
achieving high-performance PSCs. Therefore, different thicknesses were prepared by
changing the solution concentration and spin-coating speed to investigate how the film
thickness of 2FBT2NDI affects the device performance, and the results are summarized in
Table S1. Figure 3b shows that as the thickness of the 2FBT2NDI film increases, the short-
circuit current density (Jsc) and PCE gradually increase. The optimal PCE and Ji. values were
reached at a film thickness of 15 nm. Further increases in the film thickness caused the PCE

and Ji to gradually decrease, likely due to poor film morphology and reduced tunneling
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current were detrimental to electron extraction and transport. Therefore, 15 nm was the

optimal thickness when 2FBT2NDI was used as an interfacial layer.
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Figure 3. (a) The device structures of perovskite solar cells fabricated in this work; (b) J-V
curves of PSCs with different thickness of the 2FBT2NDI layer; (¢) forward and reverse
scanning of the devices using 2FBT2NDI/PCBM or PCBM as the ETL, respectively; (d) the
energy level alignments of perovskite solar cells; (¢) EQE curves and the integrated Ji. for the
2FBT2NDI/PCBM- and PCBM-based devices; (f) stabilized photocurrent density and PCE

output of 2FBT2NDI/PCBM- and PCBM-based devices.

The optimal devices with 2FBT2NDI layer were used to investigate the hysteresis effect
of device performance, and devices without the 2FBT2NDI layer were used as the control
device. These results are summarized in Table 1. Figure 3¢ shows there is little hysteresis for
the devices without the 2FBT2NDI layer, and the hysteresis for the devices with the
2FBT2NDI layer nearly disappeared. Additionally, the control device exhibited a best PCE of

17.2%, with a Ji of 22.0 mA cm™, an open circuit voltage (Vo) of 1.09 V, and a fill factor
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(FF) of 71.4%. The devices with 2FBT2NDI layer exhibited an improved PCE of 20.1%,
with a higher Ji. (23.7 mA cm™), Vo (1.11 V) and FF (76.3%), which demonstrates that the
best PCE of the device with 2FBT2NDI layer is over 14% higher than that of the control
device. The lower fill factor can be attributed to the smaller perovskite crystal size and some
bare Pbl> particles on the surface of perovskite films. But compared to the control device, the
addition of the interfacial layer effectively improves the fill factor and PCE. To compare the
hysteresis effect across two devices, a modified hysteresis index (HI) was defined in the
following equation (1) [29]. The HI values were calculated to be 0.011 for the PCBM-based
device and 0.0056 for the 2FBT2NDI/PCBM-based device, respectively, which demonstrates
that the addition of the interfacial layer can reduce hysteresis effect. The above results
indicate that the use of 2FBT2NDI as interface engineering strengthened the perovskite/ETL
interfacial contact, which can passivate MAPbI3 surface defects and suppress the hysteresis
effect. In addition, using 2FBT2NDI as a single electron transport layer in the inverted PSCs,
the device efficiency can reach to 16.0% with negligible hysteresis as shown in Figure S7,
suggesting that 2FBT2NDI can be used as an electron transport layer for the PSCs. The PSCs
using 2FBT2NDI as ETL were performed a bit lower in efficiency than PCBM based device

because of the incomplete coverage of 2FBT2NDI on the perovskite film.

Table 1. Device performance of perovskite solar cells with or without 2FBT2NDI as an

interfacial layer.

Conditions Scan Jse Voe FF PCE
direction [mA cm?] [V] [%] [%]

2FBT2NDI/PCBM Forward scan 23.7 1.11 76.3 20.1
2FBT2NDI/PCBM Reverse scan 23.7 1.12 759  20.1
PCBM Forward scan 22.0 1.09 71.4 17.1
PCBM Reverse scan 222 1.09 70.6 17.2

HI = Jr(0.8 Voc)—JF (0.8 Vy() (1)
]R (0-8 Voc)
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The external quantum efficiency (EQFE) curves of PSCs with or without 2FBT2NDI layer
are shown in Figure 3e. The two PSCs show broad EQE spectra from 300-800 nm, due to the
contribution of the MAPDI; layer. The EQFE values for the device with interfacial layer were
observed to be higher than those of control device, demonstrating the excellent photon
harvesting and charge collection for the 2FBT2NDI-based device. Meanwhile, the integrated
Jse of control and 2FBT2NDI-based devices were calculated to be 21.2 mA cm™ and 22.6 mA
cm?, respectively, which agree with the J-J measurements. Figure 3f shows the steady
photocurrent and PCE measured at the maximum power output (both 0.86 V for two devices).
The steady photocurrents were 21.4 mA cm™ and 23.3 mA cm, and the stabilized PCEs were
16.7% and 18.6% for devices without and with 2FBT2NDI interfacial layer, respectively,
which are consistent with the J-V measurements. These results indicate that 2FBT2NDI
behaves as an efficient interface engineered material for PSCs.

To evaluate the electron transfer efficiency at the perovskite/ETL interface, PL spectra of
bare perovskite, PCBM-covered and 2FBT2NDI/PCBM-covered films were measured. Figure
2f shows that, as compared with the bare perovskite film, both covered perovskite films
displayed obvious PL quenching spectra. As expected, the PL quenching for the
2FBT2NDI/PCBM-covered film was more significant than that of the PCBM-covered film.
These results show that the addition of the interfacial layer effectively improved the electron
transfer efficiency between the perovskite film and the ETL. Time-resolved
photoluminescence spectra of the perovskite films covered by PCBM or 2FBT2NDI/PCBM
were measured, and the time-resolved photoluminescence decays were fitted with a
biexponential decay function. The calculated decay lifetimes (Figure S8) and the fluorescence
lifetime imaging microscopy images (Figures S9 and S10) are displayed. These results show

that the 2FBT2NDI/PCBM-based perovskite film has a slightly lower fast-decay lifetimes
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comdpared with PCBM-based perovskite film. It indicates that the addition of the 2FBT2NDI
layer can increase efficient electron extraction.

To further demonstrate the effect of the 2FBT2NDI layer, SCLC measurement was used
to explore the trap density (Nuqp) and electron mobility (ue) of perovskite films with the
electron-only device structures of ITO/SnO,/MAPDI3/2FBT2NDI/PCBM/Bphen/Al, using the
devices without a 2FBT2NDI layer as the reference. The current density-voltage traces are
shown in Figure 4a, and the calculation results are summarized in Table 2. Figure 4a shows
three different dependence regions: an ohmic region (pink lines) at low bias, a trap-filling
region beginning at Vrry (trap-filled limit voltage) (blue lines), and a SCLC region occurring
at a high bias (green lines). At first, V77, can be directly obtained from the intersection of the
extrapolated lines in the ohmic and TFL regions. From the second region, the Ny in the
perovskite film was calculated by the law (2). A lower trap density was obtained for the
2FBT2NDI/PCBM-covered perovskite film (1.46x10'° cm™) compared with the PCBM-
covered perovskite film (2.39x10'> ¢m™), indicating that using 2FBT2NDI as an interfacial
layer can suppress charge-trapped recombination at the perovskite/ETL interface. At last, the
electron mobility in the perovskite film was calculated from the third region according to the
Mott-Gurney law (3). The 2FBT2NDI/PCBM-covered perovskite film exhibited electron
mobility of 0.030 cm? V! s7!, which was higher than the PCBM-covered perovskite film
(0.019 cm? V! s, suggesting that the 2FBT2NDI layer can enhance the electron extraction
and transport. Therefore, superior photovoltaic performance was observed in PSCs that the

device with efficient interface engineering compared with the control device.

eN¢rapL?

VipL, = W ()
__ 8jplL®
T 9ggV2 (3)
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To ensure the reliability of measurements, the PCE statistical distribution histograms for
control and 2FBT2NDI-modified in forty devices are displayed in Figure 4b. The standard
deviation values of the two devices are quite reasonable, suggesting that the measurement
results are reliable, and the device fabrication steps are repeatable. The devices with
2FBT2NDI layer exhibited a higher PCE of 19.440.4% than that of the control devices
(17.0£0.4%), which was consistent with the J-J" measurements. By comparing our work with
records reported in the literature [30-42], a statistical diagram of the PCE is given in Figure 4c.
It 1s obvious that the PCE (20.1%) in this work is one of the highest records for NDI-based

PSCs, which imply that 2FBT2NDI as interface engineering can improve device performance.
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Figure 4. (a) Current density-voltage traces of the devices with or without 2FBT2NDI as the
ETL by space charge limited current method; (b) PCE histograms of PSCs based on PCBM
(40 devices) or 2FBT2NDI/PCBM (40 devices) as the ETL; (c) the PCE of NDI-based PSCs
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reported in the literature [30-42]; (d) stability measurement of the devices under 25%

humidity condition.

Table 2. Trap density and electron mobility of the devices with or without 2FBT2NDI as an

interfacial layer.

Conditions Vier Nirap MHe
[V] [cm?] [cm? V! s1]
2FBT2NDI/PCBM 0.33 1.46x10'3 0.030
PCBM 0.55  2.39x10% 0.019

The effect of the 2FBT2NDI layer on the stability of PSCs was evaluated in detail by
storing the encapsulated devices under the ambient atmosphere with 25% humidity condition.
Figure 4d shows the time evolution of the PCE values of two devices, and the PCE values for
two devices were significantly lower after 150 hours likely due to the accelerated perovskite
decomposition caused by aluminum electrode. In the first 24 hours, the PCE values of two
devices decreased by 20%. However, the stability of the device with the 2FBT2NDI layer was
higher than that of the control device from 24 to 150 hours because of full coverage and
pinhole-free film obtained by using interface engineering, which is in accordance with the
SEM and AFM measurements results. In addition, the amino and fluorine atoms of
2FBT2NDI could form hydrogen bonds to restrain the invading water and neutralize the
migrating iodide ions, which prevents degradation of the perovskite film and improves device
stability [43]. Therefore, the water contact angles for PCBM- or 2FBT2NDI-covered
perovskite films were measured as shown in Figure S11. The 2FBT2NDI-covered film has a
larger contact angle than the PCBM-covered film, indicating that 2FBT2NDI is more
hydrophobic than PCBM, and thus a better PSC stability can be achieved using the

2FBT2NDI layer [44].
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4. Conclusion

In summary, a simple NDI dimer containing a bisfluorobenzothiadiazole-dithiophene
unit (2FBT2NDI) was synthesized by simple Stille coupling with a high yield. 2FBT2NDI
shows excellent thermal stability and high electron mobility because of its fluorine-substituted
linear conjugated framework. Moreover, 2FBT2NDI exhibits excellent film coverage and
strong interactions with perovskite film, and indicating that it is suitable for use as an
interfacial material spike structure in inverted PSCs. Due to efficient electron extraction,
negligible hysteresis effect, and decreased charge-trapped recombination, the devices using
2FBT2NDI as interface engineering exhibited the best PCE of 20.1%, which was over 14%
higher than that of the control devices. Therefore, the 2FBT2NDI layer can simultaneously
achieve efficient surface passivation and electron extraction. The interface engineered
configuration shows obvious advantages over the control device, and can potentially be
applied to commercialize the inverted PSCs. The strategy used to construct the fluorine-
substituted NDI dimer provides an excellent way to explore efficient interfacial materials for

high-performance PSCs.
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