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A naphthalene diimide (NDl)-based organic molecule (NDI-N) was prepared to be
used as printable cathode interlayer (CIL) for organic solar cells (OSCs). NDI-N
possesses combined advantages of high crystallinity and good film-forming
properties, endowing the material with excellent electron-transport properties
and good processability. NDI-N can be processed by printing methods; in this
case an OSC device of 1 cm? was fabricated by using blade-coated NDI-N and an
efficiency of 13.2% was achieved, which represents the highest efficiency to date

for large-area OSCs.
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SUMMARY

Currently, most cathode interlayer (CIL) materials for organic solar cells (OSCs)
cannot be processed by printing techniques, which severely limits their use in
practical productions. Herein, we report a naphthalene diimide (NDI)-based
small-molecular compound (N,N-dimethylamino)propyl naphthalene diimide
(NDI-N) as printable CIL for OSCs. NDI-N exhibits a unique advantage that
combines the merits of high crystallinity and good film-forming property in
one material, endowing the semiconductor with excellent electron-transport
properties and good processability. By using the NDI-N as CIL, a high power-
conversion efficiency (PCE) of 13.9% was achieved in a PBDB-T-2F:IT-4F-based
OSC device. More importantly, a large-area OSC device of 1 cm? was fabricated
by using the blade-coated NDI-N CIL and an outstanding PCE of 13.2% was
achieved, which represents the highest efficiency of large-area OSCs. The re-
sults in this work may pave the way for low-cost and mass production of OSCs.

INTRODUCTION

Organic solar cells (OSCs) have emerged as a promising renewable energy technol-
ogy due to their advantages in fabricating lightweight and large-area devices
through low-cost solution methods.'™ In the past two years the power-conversion
efficiency (PCE) of OSCs has exceeded 14%, showing a bright prospect for practical
applications.®” At present, much attention focuses on manufacturing large-area
OSCs by using printing techniques, believed to be crucial for the mass produc-
tion.”"'? So far, several photoactive materials as well as anode interlayer materials
have been demonstrated to be processable by printing methods in fabricating effi-
cientand large-area OSCs."""'? In contrast, owing to the low electron mobility, cath-
ode interlayer (CIL) materials are very sensitive to the film thickness in modifying
OSC devices, making them incompatible with large-area printing processes where
certain thickness variation is unavoidable.”*~"® To date, only ZnO has been demon-
strated as a successful example of a CIL that could be processed by a printing
method in OSC fabrication.'® Unfortunately, the PCE of the corresponding device
was much lower than the efficiencies of state-of-the-art OSCs.'® At present, the
lack of printable CIL has greatly impeded the pace toward practical production of
OSCs, and thus the development of a new CIL with high electron mobility is in urgent
demand.

Among various n-type organic semiconductors, materials based on perylene diimide
(PDI) and naphthalene diimide (NDI) show the most promising performance in OSCs
due to their suitable energy levels and excellent electron-transport properties.’’ "

Context & Scale

With the constantly enhanced
photovoltaic efficiencies, as well
as the advantages of low cost and
light weight, organic solar cells
(OSCs) exhibit a bright prospect
for a new generation of renewable
energy technology. For practical
use, manufacturing large-area
OSC devices by printing
techniques is becoming critically
important for the mass production
of OSCs. However, the lack of
printable cathode interlayer (CIL)
materials has greatly impeded the
pace toward practical production.

Here, we report an organic
semiconductor possessing
superior photoelectronic
properties and good
processablity, which is capable of
serving as a printable CIL material.
By using the printed CIL to make
large-area devices, the highest
photovoltaic efficiency for large-
area OSCs was obtained, which
paves the way for the
commercialization and practical
use of organic photovoltaics
technology.
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Compared with their PDI counterparts,’??°

the NDI-based compounds possess
higher optical transparency, making them more suitable in serving as charge-trans-
port layer in OSCs.?" Recently, a series of n-type self-doped conjugated polymers
based on NDI were synthesized as ClLs, and several outstanding PCEs were
achieved in the OSCs by using the NDI-based ClLs.”*? Due to the superior elec-
tron-transport properties, the NDI-based polymers exhibited an excellent thickness
insensitivity in fabricating high-performance OSCs, implying their great potential for

being processed by printing techniques.*

However, regarding molecular design, two conflicting factors between crystallinity
and film-forming properties severely limits the development of NDI-based materials
as printable CILs.”> On the one hand, high crystallinity is essential to achieve supe-
rior charge-transport capacity for CILs, but the highly crystalline small molecules
tend to aggregate during the film fabrication, resulting in a coarse film surface
with pinholes;?*~?® this not only significantly deteriorates the device performance
but also brings difficulties in processing ClLs. On the other hand, NDI-based poly-
mers exhibit improved film-forming properties; however, the low crystallinity and
disordered molecular arrangement of polymers reduce their charge-transport
capacity, restricting their further application in OSCs. To date these key problems
have not been solved, thus limiting the use of NDI-based semiconductors for
mass productions of OSCs. Although many reports demonstrate that a minor struc-
tural modification can drastically improve the performance of organic semiconduc-

29,30

tors, it is still a great challenge to develop NDI-based compounds that combine

the merits of high crystallinity and good film-forming properties.

Here we report an organic molecule based on naphthalene diimide, namely (N, N-di-
methylamino)propyl naphthalene diimide (NDI-N), as a printable CIL for OSCs.
NDI-N exhibits a unique advantage that combines the merits of high crystallinity
and good film-forming properties in one material. By comparison of NDI-N and
(N,N-dimethyl-N-ethylammonium)propyl naphthalene diimide (NDI-Br), an NDI-N
analog modified with quaternary ammonium salt, it is found that NDI-N can
efficiently extract electrons from both the non-fullerene acceptor and the polymer
donor, which is superior to most currently used ClLs. Using the NDI-N as CIL,
OSCs with different photoactive layers all exhibit the best device performance in
comparison with their highest values in related reports. More importantly, NDI-N
can be processed by a printing method for making large-area devices; i.e., a
large-area OSC device of 1 cm? was fabricated by using blade-coated NDI-N CIL
and an outstanding PCE of 13.2% was achieved. To the best of our knowledge,
this is the highest efficiency to date for large-area OSCs.

RESULTS AND DISCUSSION

The synthetic procedures of NDI-N and NDI-Br are illustrated in Figure 1A. NDI-N 1State Key Laboratory of Polymer Physics and
was prepared by a simple one-step reaction from commercially available com- Chemistry, Beijing National Laboratory for
B . . . A _ _ Molecular Sciences, Institute of Chemistry
pounds, 1.,4,5‘,8 naphthaIenete'fracark?éxyllc dlanhydrl.de 'anoll N,N-dimethyl 1',3 Chinese Academy of Sciences, Beijing 100190,
propane-diamine, and was readily purified by recrystallization in ethanol, affording P.R. China
the lamellar crystal with a yield of 80%.”' The ammonium-functionalized NDI-Brwas  2Department of Physics Organic and Carbon
synthesized by quaternizing the precursor compound NDI-N with excess bromo- E'?CWO’_“CSR'-a‘b_(OhRaN%EZL;'éggfﬁ‘Siam“”a State
. . . ty, , ,
ethane in N,N-dimethylformamide (DMF).*>? The molecular structures of NDI-N 3Lmv:rsc|y a9
. . . tact
and NDI-Br were confirmed by "H nuclear magnetic resonance, MALDI-TOF with ead ontac
L . *Correspondence:
mass spectrometry, electrospray ionization mass spectrometry (Figure S1), and xubowei2004@iccas.ac.cn (BX.)
elemental analysis (Table S1). Both NDI-N and NDI-Br can be dissolved in polar hjhzlz@iccas.ac.cn (J.H.)

organic solvents such as methanol, dimethylsulfoxide, and DMF. Figure 1B shows https://doi.org/10.1016/j.joule.2018.10.024
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Figure 1. Chemical Synthesis and Photophysical Characterizations

(A) Synthetic route of NDI-N and NDI-Br.

(B) Normalized UV-vis absorption spectra of NDI-N and NDI-Br films. The inset is their
transmittance spectra.

(C) Cyclic voltammograms of NDI-N and NDI-Br films on glassy carbon electrodes in 0.1 M BusNPF,
in acetonitrile solution at a scan of 20 mV/s.

the absorption spectra of NDI-N and NDI-Br as solid films, and the inset provides
their transmittance spectra. The absorption maxima at 368 nm are ascribed to the
T-t* transition of the NDI unit, while the broad absorption tails from 450 to
750 nm can be assigned to the polaronic transition (Asclaron), indicating the self-
doping effect of the two compounds. Moreover, the high transmittance (over
98%) of the NDI-N and NDI-Br films in the long-wavelength region from 450 to
800 nm avoids the negative effect on the light-harvesting of photoactive layers. Cy-
clic voltammetry measurements were conducted to evaluate the molecular energy
levels of NDI-N and NDI-Br. On the basis of the onset reduction potentials, the
lowest unoccupied molecular orbital (LUMO) levels of NDI-N and NDI-Br were deter-
mined to be —3.98 and —3.69 eV, respectively (Figure 1C). The low-lying LUMO level
of NDI-N is favorable to the electron extraction and transport of ClLs. As reported in
previous studies, when the LUMO level of CIL is lower than that of the acceptor, a
charge can be injected into the CIL without energy barrier and subsequently be
transported within the CIL film.*? In this case, a large thickness window of CIL can
be applied to achieve high OSC performances, which is one of critical requirements
for the CIL to be processed by printing methods.

Crystallinity and molecular arrangement have important influences on the electron-
transport properties of organic semiconductors. We first utilized single-crystal X-ray
analysis to investigate the effect of molecular packing on the charge-transport prop-
erty of NDI-N, as shown in Figures 2A and 2B. There are two molecules per unit cell in
the P71 space group, and each molecule is located on an inversion center. The
NDI-N molecules in the lattice exhibit a tilted parallel m-stacking arrangement,
and the distances between the packing layers are 3.3 A. The intermolecular 77
packing distance of NDI-N is among the shortest w-planar distances of NDI-based
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Figure 2. Crystal Structures and Film-Forming Properties of NDI-Based Molecules

(A) Molecular structure of NDI-N.

(B) Crystal m-stacking view of NDI-N.

(C and D) 2D GIWAXS patterns for NDI-N (C) and NDI-Br films deposited on the photoactive layer (D). The
incident angle (0.08°) is well below the critical angle (~0.13°) of the PBDB-T-2F:IT-4F blend film.

(E-H) AFM topography (E and G) and phase images (F and H) of NDI-N and NDI-Br films deposited
on the photoactive layer.

molecules reported previously.”*” The compact m-planar packing of NDI-N is
beneficial for enhancing the charge transport. Moreover, grazing-incidence wide-
angle X-ray scattering (GIWAXS)*® was used to measure the neat NDI-N and NDI-Br
films deposited on silicon substrates. As can be seen from Figure S2, the NDI-N film
exhibits well-defined and pronounced diffraction spots, indicating a high degree of
crystalline order. By contrast, the NDI-Br film showed only some weak and irregular
diffraction spots, implying a less ordered nature of the film. To probe the actual
microstructure of these interlayers in OSC devices, we further studied the NDI-N
and NDI-Br films deposited on the photoactive layer by gradually increasing the inci-
dent angle from 0.05° to 0.20°. The angle dependence of these samples is shown in
Figures S3 and S4. Figures 2C and 2D respectively present the 2D GIWAXS patterns
of NDI-N and NDI-Br films deposited on the top of the photoactive layer with a small
incident angle of 0.08°, which yield a consistent trend that NDI-N is much more
ordered than NDI-Br. By combination with single-crystal X-ray analysis, all the
diffraction peaks in the 2D GIWAXS pattern have been indexed,?” and the (001)
plan can be defined as parallel orientation to the substrate. The mean size of the
crystallites was acquired through calculating the crystal coherence length (CCL) us-
ing the Scherrer equation. The CCL of NDI-N was 10.4 nm, indicating a high ordering
of the NDI-N film. As reported in previous works, the highly crystalline molecules
tend to aggregate during the film fabrication, resulting in a coarse film surface
with numerous pinholes; this not only severely deteriorates the device performance
but also brings difficulties in processing ClLs. However, as shown in Figures 2E and
2F, the atomic force microscopy (AFM) images of the NDI-N film deposited on the
photoactive layer exhibit a smooth and uniform surface with a low root-mean-square
roughness (R;) value of 4.23 nm, indicating that the highly crystalline NDI-N can also
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Figure 3. Photovoltaic Parameters of Devices and Electrochemical Impedance Spectroscopy
(A and B) J-V (A) and EQE (B) curves of the best-performing NDI-N and NDI-Br-based devices.
(C) Histograms of the PCE counts for 30 individual NDI-N-based cells.

(D) J-V curves of the OSC devices with various NDI-N thicknesses.

(E) The equivalent-circuit model employed for EIS fitting of the devices.

(F) Nyquist plots of different CIL film-modified devices.

form desirable films. Based on these results, it can be suggested that the high crys-
tallinity and compact molecular packing is beneficial in improving the electron-trans-
port properties of NDI-N which, in combination with good film-forming property, is
the key factor for NDI-N to be processed by printing methods.

To evaluate the performance of the NDI-based compounds as ClLs in OSCs, we
fabricated conventional devices with the configuration of indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/photoactive
layer/NDI-based CIL/Al. Here, a blend based on a polymer donor, PBDB-T-2F,
and a non-fullerene acceptor, IT-4F, is used as the photoactive material. For compar-
ison, devices with PFN-Br, ZnO nanoparticles (NPs), and methanol treatment were
also fabricated as a control. The current density-voltage (J-V) characteristics of the
devices and relevant parameters are shown in Figure 3A and Table 1, respectively,
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Table 1. Photovoltaic Parameters of Conventional Devices with NDI-N, NDI-Br, and Methanol
Treatment and Inverted Device with NDI-N under the lllumination of AM 1.5G, 100 mW cm 2

Devices  Voc(V) Jic(MA/cm® FF PCE (%) Jear (MA/cm?) R, (Q cm?) Ry (kQ cm?)

Methanol  0.79 17.9 0.71 10.1 17.3 5.39 1.23
treatment

NDI-N 0.86 21.3 0.76 13.9 20.6 2.66 1.85
NDI-Br 0.80 20.1 0.71 115 19.4 3.77 0.74
Inverted 0.83 21.5 0.71 12.6 20.8 3.53 1.46
device

(NDI-N)

Integrated J., from the EQE curves.

with the external quantum efficiency (EQE) curves displayed in Figure 3B. The
optimal thickness was found to be 10 nm for both NDI-N and NDI-Br. The OSC de-
vice modified by NDI-N delivered the best PCE of 13.9%, along with a short-circuit
current density (Jso) of 21.3 mA/cm?, an open-circuit voltage (V) of 0.86 V, and afill
factor (FF) of 0.76, which is higher than that of the PBDB-T-2F:IT-4F-based device in
the most recent report using PFN-Br.*° Figure 3C presents a PCE histogram of 30
NDI-N-modified devices; over 60% of the devices exhibit PCE values exceeding
13.6%, indicating the good reproducibility of the NDI-N-modified OSCs. For the
devices with PFN-Br, ZnO NPs, NDI-Br, and methanol treatment, the PCEs of the
devices are 13.5%, 13.1%, 11.5%, and 10.1%, respectively. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed to examine the interface
resistance of the devices. Figure 3F shows Nyquist plots of NDI-N-modified devices
in the dark. A bias voltage equal to V, was applied to dissipate the total current.”’
The data were fitted using the equivalent-circuit model from a previous report,*? and
the corresponding results are listed in Table S4. The surface resistance (Rsysface) Of
the devices with NDI-N, NDI-Br, PFN-Br, ZnO NPs, and methanol treatment was esti-
mated to be 586.6, 884.2, 359.3, 751.8, and 6,475 Q, respectively. The Ry face Of
fullerene-free devices can be significantly decreased by using NDI-N ClLs, indicating
the reduced charge recombination and improved charge extraction in the NDI-N-
modified OSCs. The stability of devices modified with NDI-N, NDI-Br, PFN-Br,
and ZnO NPs was tested under ambient conditions (Figure S9). PCEs of devices
modified with NDI-N, NDI-Br, and PFN-Br ClLs can retain 83%, 83%, and 86% of their
initial PCE values after 20 days, respectively, whereas the PCE of ZnO NPs-modified
device declines to 38% of its initial value.

Furthermore, NDI-N was employed for modifying other efficient active layers,
including PBDB-T:ITIC, DRTB-T:IDIC, and PBDB-T:IT-M. The J-V curves of these de-
vices are provided in Figure S10, and the corresponding photovoltaic parameters
are summarized in Table 2. All the devices exhibited PCEs comparable with their
highest values in related reports,**** indicating that NDI-N is a universal and effec-
tive CIL for various active layers. Moreover, due to its high transparency, NDI-N was
used to fabricate inverted devices with a configuration of ITO/NDI-N/PBDB-T-2F:IT-
4F/MoQ3/Al, whereby a PCE of 12.6% was achieved (Figure S11 and Table 1). These
results suggest that NDI-N is a promising CIL material for various applications in
OSCs. We further investigated the effect of NDI-N and NDI-Br thicknesses on the
OSC performances. As shown in Figure 3D and Table S2, NDI-N exhibits an
outstanding tolerance to thickness variation in fabricating OSCs; i.e., when the
NDI-N thickness changed from 5 to 30 nm, the PCE remained at over 11.6%. It is
worth noting that the R, remains almost unchanged and the FF maintains a high
value of 0.74 when the NDI-N thickness increases to 50 nm, indicating the excellent
electron-transport and collection properties of NDI-N. The excellent thickness
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Table 2. Photovoltaic Parameters of Devices Based on NDI-N Films with Different Photoactive

Layers

Active Layer CIL Voe (V) Jse (MA/cm?) FF PCE (%) Jear® (MA/cm?)
PBDB-T:ITIC NDI-N 0.90 17.4 0.69 10.9 16.1

NDI-Br 0.84 17.0 0.62 8.87 15.8
PBDB-T:IT-M NDI-N 0.94 16.9 0.71 11.3 16.1

NDI-Br 0.88 16.4 0.64 9.29 15.1
DRTB-T:IDIC NDI-N 0.98 15.5 0.60 9.10 15.3

NDI-Br 0.94 14.8 0.53 7.44 14.6

Integrated J., from the EQE curves.

insensitivity of NDI-N for modifying OSCs is crucial for processing the CIL by printing
methods. In contrast, the PCEs of the devices modified by NDI-Br, ZnO NPs, and
PFN-Br dramatically decreased to 5.20%, 7.88%, and 4.08%, respectively, as the
CIL thickness increased to 30 nm (Figure S7 and Table S3).

Inan OSC device, the CIL contacts either the electron donor or the electron acceptor
at the photoactive layer/CIL interface; therefore, an ideal CIL can extract electrons
from both the donor and the acceptor. In previous works, the doping interaction be-
tween ClLs and PCBM ([6,6]-phenyl-Cg-butyric acid methyl ester) has been proved
to facilitate the electron extraction of fullerene-based devices;*® however, doping
on non-fullerene acceptors has not yet been reported. Here, electron spin resonance
(ESR) spectroscopy was performed to investigate the doping effects of NDI-based
molecules. First, the self-doping effect of the NDI-based small molecules can be
confirmed by the ESR signals related to delocalized polarons that are observed in
the neat NDI-N and NDI-Br films (Figure 4A), which is consistent with the results of
UV-visible (UV-vis) absorptions. Second, a much stronger resonance peak with g
values of 31.16 is detected in the NDI-N:IT-4F blend, confirming that the non-
fullerene acceptor IT-4F can be effectively doped by NDI-N. In contrast, only a mod-
erate ESR signal was observed in the NDI-Br:IT-4F blend because of the self-doping
behavior of NDI-Br, suggesting that the doping effect of NDI-Br on IT-4F could be
excluded. Lewis basicity can be used to elucidate the different n-doping behaviors
of the two blends.”” Compared with Br~, the Lewis basicity of the amine group is
much stronger, and thus the electron transfer from NDI-N to IT-4F is more efficient,
resulting in significant n-doping of IT-4F. As a result, the electron transfer from
NDI-N to IT-4F may induce an interfacial dipole layer at the IT-4F/NDI-N interface
(Figure 4B), which facilitates electron extraction from the active layer to the cathode.

To verify the above inference, we fabricated electron-only devices with the configu-
ration ITO/ZnO/IT-4F/NDI-N or NDI-Br/Al. Under a reverse bias voltage ranging
from —2 to 0V, at which electrons were injected from ITO and collected by the Al
electrode, the current density of the NDI-N-based device is 6-fold higher than that
of the NDI-Br-based device (Figure 4C), suggesting that doping on non-fullerene
acceptor can facilitate the electron extraction at the photoactive layer/ClL interface.
Moreover, doping on the non-fullerene acceptor could effectively improve the recti-
fication characteristic of the device, which was demonstrated by fabricating p-n junc-
tion diodes with a structure of ITO/PEDOT:PSS/IT-4F/NDl-based compound
(20 nm)/Al and measuring the J-V characteristics in the dark. As shown in Figure S13,
the rectification ratio (the quotient of the current density at +2 V) of the NDI-N-
based diode is three times higher than that of the NDI-Br-based device, suggesting
that the rectification characteristic of OSC devices can be effectively enhanced by
doping the non-fullerene acceptor.
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Figure 4. Characterizations of the Electron Extraction Capacity of NDI-N

A) ESR spectra of the solid samples of NDI-N, NDI-Br, IT-4F, NDI-N:IT-4F, and NDI-Br:IT-4F.
B) Schematic illustration of interfacial dipole formed by the doping between IT-4F and NDI-N.
C) Semilogarithmic current density versus voltage characteristics of electron-only devices.

D) PL spectra of PBDB-T-2F, PBDB-T-2F:NDI-N, and PBDB-T-2F:NDI-Br films.

E) J-V curves of the bilayer heterojunction devices.

F) Schematic illustration of exciton dissociation at the donor/NDI-N interface.
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Furthermore, NDI-N can also extract electrons from polymer donors at the photoac-
tive layer/ClL interface. As shown in Figure 4D, the photoluminescence (PL) emission
(under excitation at 680 nm) of PBDB-T-2F was considerably quenched by NDI-N,
whereas there was only a slight drop in the PL peak for the PBDB-T-2F:NDI-Br blend.
The LUMO level of NDI-N is lower than that of PBDB-T-2F, which induces exciton
dissociation at the contact interface between NDI-N and PBDB-T-2F (Figure S5).
This result indicates that NDI-N can be used as an electron acceptor in devices.
To demonstrate the contribution of NDI-N serving as electron acceptor to photocur-
rent generation, we fabricated bilayer devices with a configuration of ITO/
PEDOT:PSS/PBDB-T-2F/NDI-N or NDI-Br/PFN-Br/Al. As shown in Figure 4E and
Table S6, the PBDB-T-2F/NDI-N-based bilayer device showed an improved Js
and an observable photovoltaic effect, suggesting that NDI-N can act as an electron
acceptor under illumination. Based on these results, it can be concluded that in
contrast to NDI-Br, NDI-N can efficiently extract electrons from both the polymer
donor and the non-fullerene acceptor.

To demonstrate the compatibility of the CIL with printing techniques, we processed
NDI-N by blade-coating to fabricate large-area OSCs (Figure 5A). The device archi-
tecture is the same as that used in the spin-coated devices, and the 1-cm? OSCs with
ZnO NPs and PFN-Br ClLs were also fabricated for comparison. As shown in Fig-
ure S15, a large-area NDI-N film of 1 cm? (1 cm X 1 cm) was fabricated through a
blade-coating approach, and the AFM images of the NDI-N film were collected at
different spots along the diagonal line of the film. All the collected AFM images

exhibited smooth surfaces with low Ry values of about 2.2 nm, suggesting that the
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Figure 5. Fabrication and Device Performance of Large-Area OSCs

(A) Schematic illustration of blade-coating processes.

(B and C) J-V (B) and EQE (C) curves of devices using blade-coated NDI-N as CIL.
(D) Histograms of the PCE counts for 30 individual 1.0-cm? cells.

whole NDI-N film is smooth and uniform. The good wetting property of NDI-N meth-
anol solution on the hydrophobic surface is favorable for making smooth and
uniform CIL when printing the CIL on photoactive layers. As shown in Figure S16,
the methanol solution drop was immediately spread with the contact angle close
to 0° when it contacted the PBDB-T-2F:IT-4F surface, indicating the complete wet-
ting of NDI-N solution on the photoactive layer. The good film-forming properties
in combination with the excellent electron transport are favorable for processing
NDI-N through printing methods. As shown in Figure 5B, the large-area OSC device
of 1 cm? with the NDI-N CIL processed by the blade-coating exhibits an outstanding
PCE of 13.2%. To the best of our knowledge, this is the highest efficiency reported
thus far for large-area OSCs. The photovoltaic performance of the 0.81-cm? OSC
(0.9 cm X 0.9 cm mask) was certified by the National Institute of Metrology (NIM),
and a certified PCE of 12.20% was acquired (Figure S24). It is understandable that
the lower PCE certified by the NIM is mainly derived from the slightly decreased
Jse. The Jic in the certification is measured with the mask, which is lower than
that of the unmasked case due to the non-negligible mask thickness compared
with the aperture size. Figure 5D and Table S9 present a PCE histogram of 30 inde-
pendent cells, in which more than 63% of the cells exhibited PCE values exceeding
12%. To make a comparison with the recent results of large-area devices, we carried
out a survey (see Table 3) of state-of-the-art OSCs to date with an area of ca. 1 cm?.
Consequently, the PCE achieved in our work is the highest efficiency at present for
large-area OSCs. Moreover, it is worth noting that the NDI-N thickness has little in-
fluence on PCEs of large-area devices. When the NDI-N concentration used in the
blade-coating was increased from 0.1 to 1.0 mg/mL, the OSC with a thick NDI-N
film only showed a moderate decline in PCE (Figure S17 and Table S10). In contrast,
when the PFN-Br concentration changed from 0.1 to 1.0 mg/mL, the PCE of the
device dramatically decreased from 5.76% to 4.09%. Compared with PFN-Br, the
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Table 3. Survey of Photovoltaic Parameters of the State-of-the-Art Large-Area OSCs by Blade-
Coating Techniques

Photoactive Layer Device Area (cm?) PCE (%) Year Reference
PCDTBT:PC;:BM 0.64 4.9 2014 Smith et al.*®
BDTT-S-TR:PC7,BM 1.44 6.7 2015 Cui et al.*?
P3HT:PC4:BM 0.96 2.8 2015 Ye et al.”®
PTZ1:IDIC 0.81 10.5 2017 Guo et al.”’!
PB-3T:IT-M 1.00 10.1 2018 Kang et al.'?
PBTA-TF:IT-M 1.00 10.6 2018 Zhao et al."’
FTAZIT-M 0.56 9.8 2018 Ye et al.’
PBDB-T-2F:IT-4F 1.00 123 + 0.9 2018 this work

superior electron transport of NDI-N is favorable for efficient electron collection
when the thick NDI-N film is used. Moreover, ZnO NPs also exhibited considerable
thickness sensibility in fabricating a 1-cm? device (Figure $18 and Table $10). AFM
images showed that the thick ZnO NPs film exhibited a non-uniform surface with a
high Ry of 5.39 nm, causing a large number of interfacial defects and reducing the
FF of the device. Consequently, the large-area device with blade-coated ZnO NPs
ClLs only exhibits relatively low PCE of 8.89%.

The Rs (5.54 Q@ cm?) of 1-cm? OSCs is larger than that of the small-area device
(2.66 Q cm?), which is indeed responsible for the slight decrease of J. and FF in
the large-area device, while the Ry, for the large-area device (2.10 kQ cm?) is similar
to that of the small-area device (1.85 Q cm?). Figure S19 presents the J-V character-
istic of the large-area device in darkness. The current-leakage of 1-cm? OSC has no
obvious increase as compared with the small-area device, which may explain the
high FF in the large-area device. The small current-leakage implies that the interfa-
cial defects can be suppressed in the large-area device by using the NDI-N CIL. To
demonstrate the capacity of NDI-N in passivating defects or pinholes, we fabricated
devices with the structure of ITO/PEDOT:PSS/NDI-N or PFN-Br/Al. As shown in Fig-
ure S20, the bilayer device with NDI-N exhibits a typical diode characteristic,
suggesting that the contact point can still maintain a rectifying property for a selec-
tive charge collection even though NDI-N fills the pinholes in the photoactive layer
and directly contacts the PEDOT:PSS. On the contrary, the PFN-Br-based device
exhibits a linear J-V characteristic, implying that the defects or pinholes filled with
PFN-Br only have non-selective charge transport. These results suggest that
NDI-N can passivate defects or pinholes in photoactive layers, endowing the
large-area device with high efficiency.

Conclusions

In conclusion, we reported an n-type NDI-based small-molecular semiconductor,
NDI-N, as a printable CIL for high-performance OSCs. NDI-N exhibits a unique
advantage of combining the merits of high crystallinity and good film-forming prop-
erties in one material, endowing the semiconductor with excellent electron-trans-
port properties and good processability. By comparison of NDI-N with NDI-Br, we
found that NDI-N can efficiently extract electrons from both the non-fullerene
acceptor and the polymer donor. Due to the excellent electron transport and
good processability, NDI-N can be processed by a printing method to make
large-area devices; i.e., a large-area OSC device of 1 cm? was fabricated by using
the blade-coated NDI-N CIL and an outstanding PCE of 13.2% was achieved. To
the best of our knowledge, this is the highest efficiency thus far for large-area
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OSCs. This work not only develops a small molecule with combined merits of high
crystallinity and good film-forming properties, but also demonstrates a successful
example of processing the CIL by a printing method for making large-area and
high-performance OSC devices, which is of great significance for low-cost mass pro-
duction of OSCs.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 24 fig-
ures, and 10 tables and can be found with this article online at https://doi.org/10.
1016/j.joule.2018.10.024.
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Figure S1. 'H NMR and MALDI-TOF-MS of NDI-N (solvent: CDCls); *H NMR and ESI-MS of NDI-Br

(solvent: CD30OD).
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Figure S2. 2D GIWAXS patterns of (a) NDI-N and (b) NDI-Br neat film on Si.
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Figure S3. (a) 2D GIWAXS patterns of NDI-N film using 0.08° and 0.20° degrees incident angles; (b)
Out-of-plane and (c) In-plane line-profiles as a function of incident angles.
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Figure S4. (a) 2D GIWAXS patterns of NDI-Br film using 0.08° and 0.20° incident angles; (b) Out-of-plane
and (c) In-plane line-profiles as a function of incident angles.
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Figure S5. Schematic energy-level diagrams of PEDOT:PSS, PBDB-T-2F, IT-4F, NDI-N, and NDI-Br.
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Figure S7. J-V characteristics of devices with (a) PFN-Br, (b) ZnO NPs and (c) NDI-Br at the thickness of
30 nm.
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Figure S8. Tapping-mode AFM (a) height and (b) phase images of NDI-N film on the ITO substrate.
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Figure S9. Normalized PCE values as a function of exposure time under ambient conditions for devices
with ZnO NPs, NDI-N, PFN-Br, and NDI-Br CILs.
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Figure S10. (a) Chemical structures of PBDB-T, DRTB-T, ITIC, IDIC, IT-M. (b), (c), (d) J-V and (e), (f), (9)
EQE curves of the NDI-N and NDI-Br films with different active layers.

(a) (b) (c)
Inverted Device e Inverted structure] 80
3 0
E Vc=0.83 V
E 5 _ 2 — 60
s Jsc =21.5 mAlem g
£ . FF =0.71 W
g 1 PCE=12.6% S Inverted structure
< Jea=20.8 mA/c 20
g -20
=
O 5 T ; T T T
02 00 02 04 06 03 10 12 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

Figure S11. (a) Devices structure of the inverted structure based on NDI-N films. (b) J-V and (c) EQE
curves of the devices based on NDI-N film.
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Figure S12. (a) Dependence of the short-circuit current density and (b) the open-circuit voltage of
NDI-N-modified devices on light intensity. (c) Dependence of the short-circuit current density and (d) the
open-circuit voltage of NDI-Br-modified devices on light intensity.

Figure S12 shows the dependence of the Js of the studied devices modified with NDI-N
and NDI-Br on the light intensity (Pign). The relationship between Jsc and Pign can be
expressed by the power-law equation Jsco<Pjgn?, where a is the power-law exponent.
The a values were determined to be 0.976 and 0.949 for the OSCs modified with NDI-N
and NDI-Br, respectively, meaning that bimolecular recombination was greatly
suppressed in these NDI-modified devices.
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Figure S13. Current density-voltage (J-V) characteristics of the PSC devices based on blank, NDI-N and
NDI-Br in dark.

The effect of n-doping of the non-fullerene acceptor on the rectification characteristic of
fullerene-free devices was also investigated by fabricating p-n junction diodes with a
structure of ITO/PEDOT:PSS/IT-4F/NDI-based compound (20 nm)/Al and measuring the
J-V characteristics in the dark. Here, PEDOT: PSS is used as the p-type semiconductor
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and the bilayer film of IT-4F/NDI-based compound acts as the n-type semiconductor for
constructing the p-n junction. As shown in Figure S13, the rectification ratio (the quotient
of the current density at £2 V) of the NDI-N-based diode is three times higher than that of
the NDI-Br-based device, suggesting that the rectification characteristic of OSC devices
can be effectively enhanced by doping the non-fullerene acceptor.
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Figure S14. UV-vis absorption spectra of the films with 100nm and 220nm of PBDB-T-2F.

Considering that the thickness of PBDB-T-2F (220 nm) used in the bilayer device is
much thicker than that of the active layer (100 nm) in bulk heterojunction (BHJ) OSCs,
the light-harvesting at the PBDB-T-2F/NDI-N interface is significantly depressed due to
the strong absorption of the 220 nm PBDB-T-2F layer (Figure S14), and therefore, the
real Jsc enhancement might be more pronounced in the NDI-N-modified BHJ devices.
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Figure S15. (a)-(e) 2 umx 2 um AFM images of five different spots collected along the diagonal line of a
1cm? NDI-N film and (f) 5 umx 5 pm AFM height and phase images of NDI-N film.
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Figure S16. Contact angle of the CIL methanol solution drop on the PBDB-T-2F:IT-4F surface.
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Figure S17. J-V curves of (a) (c) relatively thinner and (b) (d) thicker CILs with blade coated devices.
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Figure S18. (a) J-V curves of blade-coating ZnO NPs-based device and (b) (c) AFM of ZnO NPs.
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(a) 015 (b) 1.0 o () os
= Blank iy o NDIN © PFNBr 9
0.10 o 0. o 0.10 &
o8 &%
—_ o
T 0.05 - g 0.64 Z 0.05 &
z £ z
§ 000 = o4 § 00 o
= a® = E e
3 -0.05 Ls, 0.2] 3-0.05 ,,o°°°°
o
040{ o 00 o 0104 o
o X
045 045
1 1 2 1 1
Voltage (V) Voltage (V) Veltage (V)
Figure S20. J-V characteristics of devices with the structures of (a) ITO/PEDOT:PSS/AI, (b)

ITO/PEDOT:PSS/NDI-N/Al and (c) ITO/PEDOT:PSS/PFN-BI/AL
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Figure S21. (a) J-V and (b) EQE curves of 1.0 cm? all-printed OSC.
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To demonstrate the use of NDI-N in making all-printed OSCs, all-printed device of 1.0
cm? was fabricated through the blade-coating method. The fabrication of all-printed
device was provided in Section 2 (Device fabrication). The all-printed OSC device
exhibited a PCE of 9.96%, along with a Js; of 18.93 mA/cm?, a V¢ of 0.86 V, and an FF
of 0.61. The calculated Js; value from the EQE curves were 18.26 mA/cm? for the device,
which agreed well with the Jsc value obtained from the J-V curves.
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Figure S22. UPS spectra of NDI-N and NDI-Br.
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Figure S23. J-V curves of 1.0 cm? device at different scanning directions.
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Supplemental Tables

Table S1. Elemental analysis results.

NDI-N Calculation value Analysis value
N 12.83% 12.82%
C 66.04% 66.05%
H 6.47% 6.60%
NDI-Br Calculation value Analysis value
N 8.56% 8.40%
C 51.39% 49.61%
H 5.85% 5.98%
Br 24.42% 24.16%

Table S2. Photovoltaic parameters of devices based on NDI-N films with different thicknesses.

Thickness of NDI-N

Voe (V) Jse (MA/cm2) FF PCE (%)
(nm)
5 0.86 20.8 0.76 135
8 0.86 21.1 0.76 13.7
10 0.86 21.3 0.76 13.9
15 0.86 19.4 0.74 12.4
30 0.86 18.1 0.75 11.6
40 0.85 16.3 0.74 10.5
50 0.86 15.9 0.74 10.2

Table S3. Photovoltaic parameters of devices based on different thicknesses of NDI-Br; 30nm of PFNBr

and ZnO NPs.
Thickness of NDI-Br (nm) Voc (V) Jsc (MA/cm?) FF PCE (%)

0.80 20.1 0.71 11.5

0.80 19.2 0.52 8.21

0.80 19.4 0.34 5.20

0.75 9.56 0.11 0.78

PFN-Br (30nm) 0.72 18.4 0.31 4.08

ZnO NPs (30nm) 0.83 18.8 0.50 7.88

Table S4. The fitting results of the Nyquist plots of different CIL-modified devices.

CIL Rsurface (Q)
Methyl 6475
NDI-N 586.6
NDI-Br 884.2
PFN-Br 359.3

ZnO NPs 751.8

Table S5. Photovoltaic parameters of devices based on NDI-N films in inverted structure with different

annealing temperature.

Temperature (°C)

Jsc (MA/cm?) FF PCE (%)

Cell
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100

130

150

200

0.77 17.4
0.80 20.7
0.83 21.1
0.83 215
0.68 19.1

0.58 7.71
0.64 10.6
0.68 11.9
0.71 12.6
0.62 8.07

Table S6. Photovoltaic parameters based on the bilayer heterojunction devices of ITO/PEDOT:

PSS/PBDB-T-2F/NDI-based compound/PFN-Br/Al.

Devices Voc (V) Jsc (MA/cm?) FF PCE (%)
Blank 1.26 0.034 0.33 0.01
NDI-N 1.25 0.225 0.36 0.10
NDI-Br 1.27 0.068 0.31 0.03

Table S7. Crystal data.

Molecular formula
Molecular weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

C24 H2s N4 O4

436.50

173.15K

0.71073 A

Triclinic

p-1

a=4.977(3) A

b =7.685(5) A
c=14.369(8) A

545.2(5) A3

1

1.330 Mg/m3

0.092 mm'1

232

0.513 x 0.434 x 0.039 mm3
2.654 to 27.468°.
-6<=h<=6, -9<=k<=9, -18<=I<=18
9306

2483 [R(int) = 0.0556]

99.5 %

Semi-empirical from equivalents
1.00000 and 0.76614

Full-matrix least-squares on F2

2483/2/177

o= 86.845(15)°.
B= 83.40(2)°.

y = 89.63(2)°.

Cell
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Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

1.158

R1=0.0685, wR2 = 0.1658

R1=0.0754, wR2 =0.1713

n/a

0.278 and -0.225 e A3

Table S8. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A% 10%)
z U(eaq)

o1 -536(3) 1447(2) 7249(1) 41(1)

N1 2994(3) 3162(2) 6624(1) 29(1)

C1 1450(3) 1643(2) 6678(1) 30(1)

N2 2671(5) 7377(3) 8506(2) 43(1)

c2 2337(3) 305(2) 5999(1) 26(1)

02 6608(2) 4839(2) 6037(1) 36(1)

C3 4609(3) 628(2) 5333(1) 24(1)

c4 6124(3) 2179(2) 5310(1) 26(1)

C5 5320(3) 3500(2) 6006(1) 28(1)

C6 901(3) -1222(2) 6008(1) 30(1)

c7 8329(3) 2468(2) 4652(1) 29(1)

C8 2134(4) 4496(2) 7300(1) 33(1)

Cc9 3436(4) 4214(3) 8201(1) 41(1)

C10 2472(5) 5552(3) 8910(1) 46(1)

Cl1 1649(8) 8577(5) 9221(3) 70(1)

C12 5434(15) 7831(11) 8160(5) 81(3)

N2A 4309(14) 6946(9) 9004(5) 37(2)

Cl11A 3120(20) 8014(15) 9777(7) 53(3)

C12A 4690(50) 7980(30) 8113(9) 48(5)

Table S9. The PCEs (%) of 30 cells for 1.0 cm?.

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10
11.39 11.40 11.46 11.65 11.79 11.79 11.82 11.91 11.92 11.96
No.11 No.12 No.13 No.14 No.15 No.16 No.17 No.18 No.19 No.20
11.99 12.00 12.12 12.12 12.18 12.26 12.34 12.49 12.51 12.51
No.21 No.22 No.23 No.24 No.25 No.26 No.27 No.28 No.29 No.30
12.54 12.63 12.66 12.74 12.80 12.87 12.94 12.98 13.10 13.15

Cell
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Table S10. Photovoltaic parameters of devices based on different CILs with different thicknesses by
blade-coating.

Devices Voc (V) Jsc (MA/cm?) FF PCE (%)
NDI-N (0.1mg/mL) 0.86 21.1 0.72 13.2
NDI-N (Img/mL) 0.86 19.3 0.65 10.8
PFN-Br (0.1mg/mL) 0.87 19.7 0.34 5.76
PFN-Br (1Img/mL) 0.85 20.2 0.24 4.09
ZnO NPs 0.85 18.7 0.56 8.89

Experimental Procedures

1. Materials

Polymer PBDB-T-2F and IT-4F were purchased from Solarmer Materials Inc.
PEDOT:PSS, Clevios™ P VP Al 4083, was commercially available from Heraeus. The
other material and solvent were common commercial level and used as received.

Synthesis
1) (N,N-dimethylamino)propyl naphthalimide (NDI-N) NDI-N was synthesized
according to the reported procedures. *H NMR (400 MHz, CDCls, 8ppm): 8.75(s, 4H),

4.26(t, 4H), 2.43(t, 4H), 2.23(s, 12H), 1.92(m, 4H); Anal. Calcd for [C2H3sBraN4O4]:

C, 66.04; H, 6.47; Found: C, 66.05; H, 6.60; MALDI-TOF (m/z): 436.21; Found:

437.0.

(N,N-dimethyl)-N-ethylammonium)propyl naphthalimide (NDI-Br) A 100-mL flask
with a magnetic stirring bar was charged with NDI-N (200 mg) dissolved in 40 mL of THF.
To this solution was added bromoethane (2 g, 18 mmol) and 10 mL of DMSO. The
reaction mixture was stirred at 50°C for 3 days. THF and extra bromoethane were
removed by reduced pressure distillation. Afterwards, NDI-Br was purified by
recrystallization in ethanol with a yield of 72%. *H NMR (400 MHz, CD4O, Sppm): 8.81(s,
4H), 4.34(t, 4H), 3.52(t, 4H), 3.46(s, 4H), 3.18(s, 12H), 2.32(m, 4H), 1.38(2, 6H); Anal.
Calcd for [CasH3gBraN4Os]: C, 51.39; H, 5.85; Found: C, 49.61; H, 5.98; ESI-MS (m/z):
calcd for [CagH3BraNsO4-2Br]?* and [CasHasBraN4O4-Br]™: 247.1 and 575.2; Found 247.6
and 575.1.

2. Device fabrication

Fabrication of the conventional structure devices: The devices structure is
ITO/PEDOT:PSS/Active layer/CIL/Al. The ITO-coated glass substrates were pre-cleaned
ultrasonically in water/detergent, water, acetone, and isopropanol in sequence for 15
min. After 20 min of ultraviolet-ozone treatment, PEDOT:PSS was spin-coated on the
ITO glasses, and the ITO substrates were dried in an oven at 150 °C for 15 min. The
PBDB-T-2F: IT-4F (1:1, w/w) blend was dissolved in chlorobenzene (CB) with a
concentration of 10 mg/ml (for polymer), with 1,8-diiodooctane (DIO) (0.5% by volume)
as additive. The solution was stirred for 8 hours at room temperature and then
spin-coated on the surface of PEDOT:PSS layer in nitrogen-based atmosphere glove
box, and the optimal film of the active layer is ca. 100 nm. The active layer was then
thermal annealed for 10 min at 100 °C. After spin-coating the active layer solutions, CIL
methanol solution was spin-coated at 3000 rpm on the active layer. Finally, about 100
nm-thick Al was deposited onto the active layer under high vacuum of ~1x 10° Pa,
giving an effective cell area of 3.70 mm?2. The J-V curves of the devices were measured
under 100 mW cm? of the standard AM 1.5G spectrum.

Fabrication of the inverted structure devices: The devices structure is
ITO/CIL/Active layer/MoOs/Al. The ITO-coated glass substrates were washed as the
conventional structure. The CIL methanol solution were spin-coated on the substrates
and annealed at 150 °C for 15min in the air. The active layers were spin-coated as the
conventional structure. Finally, 10 nm thick of MoO3 and 100 nm thick of Al layer were
deposited onto the active layer under high vacuum of ~1x 10 Pa.

Fabrication of the electron-only devices: The devices structure is ITO/ZnO/NDI-N or
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NDI-Br/Al. The ITO-coated glass substrates were washed as mentioned above. The
sol-gel ZnO were spin-coated on the ITO substrates and annealed at 200 °C for 1 hour
in the air. IT-4F was dissolved in chloroform (20 mg/mL) and was spin-coated on the
ZnO film. Afterwards, NDI-N or NDI-Br methanol solution was spin-coated as the
conventional structure. Finally, 100 nm thick of Al layer were deposited onto the active
layer under high vacuum of ~1x 10" Pa.

Fabrication of the 1.0 cm? all-printed device: The devices structure
(ITO/PEDOT:PSS/Active layer/CIL/Al) is the same as that used in the spin-coated
devices. The ITO-coated glass substrates were washed as mentioned above.
PEDOT:PSS was blade-coated on the ITO glasses, and was thermal annealed at 150 °C
for 15 min. Then, PBDB-T-2F:IT-4F (1:1, w/w) blend in CB solution was blade-coated to
fabricate the photoactive layer. The active layer was then thermal annealed for 10 min at
100 °C, and afterwards, NDI-N CIL was blade-coated on the photoactive layer. Finally,
about 100 nm-thick Al was deposited on the CIL under high vacuum of ~1x 10° Pa,
giving an effective cell area of 1.0 cm?2.

3. Instruments and measurements

The J-V measurement was performed via the solar simulator (SS-F5-3A, Enlitech) along
with AM 1.5G spectra whose intensity was calibrated by the certified standard silicon
solar cell (SRC-2020, Enlitech) at 100mw/cm?. The external quantum efficiency (EQE)
was measured by Solar Cell Spectral Response Measurement System QE-R3011 (Enli
Technology Co., Ltd.). UV-vis absorption spectra were measured by Hitachi UH4150
spectrophotometer. The EPR spectra were recorded at 298 K using a JES-FA200 ESR
Spectrometer. The cyclic voltammograms (CV) measurements were recorded on a
Zahner IM6e electrochemical workstation by using glassy carbon discs as the working
electrode, Pt wire as the counter electrode, Ag/AgCI electrode as the reference
electrode with a scanning rate of 20 mV/s in a 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFs) solution, and the potential of Ag/Ag* reference
electrode was internally calibrated by using ferrocene/ferroncenium (Fc/Fc*) as the
redox couple. The tapping mode Atom Force Microscopy (AFM) measurements were
performed on a Nanoscope V (Vecco) AFM. The GIWAXS measurements were done
with an X-ray energy of 10 keV and recorded with a Pilatus 2M detector. The final
patterns shown here were generated through use of Igor Pro and a modified version of
the NIKA package.
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