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ABSTRACT: With the photovoltaic efficiency of organic solar cells (OSCs)
exceeding 17%, improving the stability of these systems has become the most
important issue for their practical applications. In particular, moisture in the
environment may erode the interlayer molecules, which has been proved to be the
main reason for the efficiency decay. At present, the development of moisture-
resistant interlayer molecules remains a great challenge to the field. Herein, we
designed two naphthalene diimide (NDI)-based organic compounds, namely, NDI-
M and NDI-S, exhibiting suitable energy level and excellent electron extraction
property. In addition to this, NDI-S has extremely low hygroscopicity. An efficiency
of 17.27% was achieved for the NDI-S inverted cells, and the long-term stability
under continuous illumination conditions was significantly improved with a T80
lifetime (the time required to reach 80% of initial performance) of over 28 000 h.
More importantly, we demonstrated that, by using a covalent bond to link the
counter ions with the host molecular structure in the zwitterion, the asymmetric molecule NDI-S can transform from amorphous to
crystalline hydrate at high humidity and exhibited outstanding non-hygroscopic nature; this could decrease the interaction between
the cell and the moisture, obviously improving the device stability under high humidity.
KEYWORDS: non-fullerene organic solar cell, cathode interlayer, power conversion efficiency, stability, zwitterion, moisture-resistant

■ INTRODUCTION
The organic solar cell (OSC) has been considered as the next-
generation photovoltaic technology with the advantage of
fabricating large-area panel using the cost-effective solution
processing method.1−5 The power conversion efficiency (PCE)
of the state-of-the-art OSC has exceeded 18%, reaching the
threshold of practical use.6−11 Compared to the advancement
in PCE, the improvement in device stability is rather
limited.12−16 In particular, although OSCs with good storage
stabilities in the dark or in an inert atmosphere have been
reported, most devices exhibited dramatic performance decay
in ambient conditions due to the fragility under external
environmental factors.17−24 In fact, it is an abnormal
phenomenon that the pursuit of photovoltaic efficiency in
the OSC field becomes the focus of attention, regardless of a
long lifetime under the ambient conditions, and the neglect of
a long lifetime makes no sense to an applied technology like
organic photovoltaics.25 At present, the poor ambient stability
has become the main bottleneck for the practical application of
OSCs. Thus, it is imperative to substantially improve the
ambient stability of OSC devices.
Moisture can severely damage the stability of OSCs in the

ambient air. Water molecules can permeate into the device,
which not only traps free charges but also destroys the
adhesion between the active layer and electrode, leading to the

decomposition of the device structure.26−29 As a result, the
OSC shows a significant PCE attenuation through a period of
operation. Although the utilization of the encapsulation
technology can effectively protect the OSC device from
moisture ingress, the cell lifetime is highly dependent on the
quality of encapsulation because a small leakage in the
encapsulation package may result in a catastrophic collapse
of the device performance.30−32 Even with careful encapsula-
tion, both the corrosion effect of ambient conditions and the
long-term permeation of moisture can inevitably lead to the
degradation of OSC performances.33,34 Recent research results
indicated that the electrode interlayer plays a key role in the
stability of OSCs. For instance, Hou et al. designed and
synthesized a naphthalene diimide (NDI)-based small-
molecule NDI-B as a cathode interlayer, which can protect
the active layer from ultraviolet damage, so that a lifetime of
over 2000 h under 1-sun illumination conditions was
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achieved.35 Moreover, Shao et al. developed a MoO3-
PEDOT:PSS composite film as the anode interlayer that can
effectively prevent the diffusion of oxygen into OSCs and
improved the ambient stability of the device.36 However,
suffering from the hygroscopic nature, most electrode
interlayers are susceptible to moisture, which impedes the
further improvement of device stability. So far, no effective
method has been reported to solve the problem of water
ingress in OSCs. Thus, it is of considerable significance to
develop new interlayer molecules with non-hygroscopic
property and realize high device stability under ambient
conditions.
Herein, by the rational design, we synthesized an asymmetric

naphthalimide (NDI)-based molecule NDI-S with balanced
characteristics between solubility and hydrophobicity (Figure
1a), which could effectively improve the OSC stability by
inhibiting moisture ingression. A symmetric molecule NDI-M
with high water solubility was also synthesized for comparison.
Both NDI-M and NDI-S possess exceptional optical trans-
parency, suitable energy level, and excellent electron extraction
property, making them ideal candidates in serving as interlayers
for cathode modification. OSCs using NDI-M, NDI-S, and the
reported NDI-B as CILs exhibited similar PCE values of about
17.3%, which represents the highest level of photovoltaic
efficiency in the OSC field. Besides high PCE, the encapsulated
devices with NDI-M, NDI-S, and NDI-B all showed excellent
operational stability under 1-sun illumination due to the
ultraviolet resistance of the NDI-based CIL. Most importantly,
we demonstrated that, by using a covalent bond to link the
counter ions with the host molecular structure in the
zwitterion, the asymmetric molecule NDI-S can transform

from amorphous to crystalline hydrate at high humidity and
exhibited outstanding non-hygroscopic nature; this could
decrease the interaction between the cell and the moisture,
obviously improving the device stability under high humidity.
The results of dynamic vapor sorption (DVS) measurements
indicated that NDI-M, NDI-S, and NDI-B had equilibrium
moisture contents of 85, 10, and 15% at a relative humidity
(RH) of 95%, respectively, implying that NDI-S has the best
moisture resistance. For device fabrication, the ionized end
group in NDI-M can induce a deliquescence process of the
CIL and the mobile counter ions may diffuse across the device.
As a result, OSCs with NDI-M showed a fast attenuation of
PCE under the humidity condition. Using NDI-S as the CIL,
the OSC device without any encapsulation can maintain 93%
of its initial PCE after a storage period of 168 h under the RH
of 80% and the temperature of 25 °C. To the best of our
knowledge, at present, it is the best result of OSC device to
resist humidity, implying that an exceptional ambient stability
can be achieved by using NDI-S as the CIL.

■ EXPERIMENTAL SECTION

Synthesis Details
(N,N-Dimethylamino) Propyl Naphthalene Diimide (NDI-N).

1,4,5,8-Naphthalenetetracarboxylic dianhydride (4.36 g, 10 mmol)
was added to a 250 mL two-necked flask. After being flushed by a
gentle stream of dry argon, 100 mL of dimethylformamide (DMF)
and N,N-dimethyl-1,3-propane diamine (3 mL, 21 mmol) were added
successively. To this suspension, triethylamine (1 mL) was added and
allowed to reflux for 12 h. After cooling the reaction mixture to
ambient temperature, the precipitate was filtered and recrystallized
from ethanol. A light yellow solid crystal was obtained with a yield of

Figure 1. (a) Molecular design to balance water solubility and hygroscopicity. (b) Synthetic route of NDI-M and NDI-S.
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75%. 1H NMR (400 MHz, CDCl3, δ): 8.75 (s, 4H), 4.27 (t, 4H), 2.49
(t, 4H), 2.28 (s, 12H), 1.96 (m, 4H) (Figure S17).
3,3′-(1,3,6,8-Tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]-

phenanthroline-2,7-diyl)bis(N,N,N-trimethylpropan-1-ami-
nium) Methanesulfonate (NDI-M). To a 250 mL two-necked flask,
(N,N-dimethylamino) propyl naphthalene diimide (1.31 g, 3 mmol)
was added. After being flushed by a gentle stream of dry argon,
trichloromethane (60 mL) was injected into the flask, and then,
methyl methanesulfonate (1.12 g, 10.2 mmol) was added dropwise
into this mixture. The mixture was further stirred for 48 h at 58 °C,
and the formed precipitate was filtered off and washed with
dichloromethane and ethyl acetate. The crude product was recrystal-
lized from a mixture of water and methanol to obtain a colorless
crystalline solid (1.58 g, yield 80%).1H NMR (400 MHz, D2O, δ):
8.63 (s, 4H), 4.27 (t, 4H), 3.56 (t, 4H), 3.18 (s, 18H), 2.80 (s, 6H),
2.31 (m, 4H) (Figure S18). ESI-MS: m/z calcd for
[C26H34N4O4]2+[CH3O2S]2−, 466, 95; found: 233, 95 (Figure S22).
Anal. calcd for [C26H34N4O4]2+[CH3O2S]2−: C 51.21, H 6.14, N 8.53,
O 24.36, S 9.76; found: C 49.43, H 6.30, N 8.22, O 26.65, S 9.40.
7-(3-(Dimethylamino)propyl)-1H-isochromeno[6,5,4-def ]-

isoquinoline-1,3,6,8(7H)-tetraone (1). 1,4,5,8-naphthalenetetra-
carboxylic acid dianhydride (10.00 g, 37.3 mmol) was taken in
water (175 mL), followed by the addition of 1 M aqueous KOH
solution (35 mL). This mixture was vigorously stirred and heated
until almost the compound was dissolved. The pH of the resultant
solution was acidified to 6.4 by adding 1 M H3PO4. To this solution,
N,N-dimethyl-1,3-propane diamine (5.35 mL, 37.3 mmol) was added
and the pH of the solution was readjusted to 6.4 with 1 M H3PO4.
The mixture was heated to reflux overnight. It was then allowed to
cool to room temperature and filtered. To the filtrate, acetic acid (125
mL) was added, a solid precipitate was formed, which was then
filtrated and dried under vacuum to afford 9.45 g of pale yellow solid.
This product was used without further purification in the next step.
2-(3-(Dimethylamino)propyl)-7-isopropylbenzo[lmn][3,8]-

phenanthroline-1,3,6,8(2H,7H)-tetraone (2). 1 (2.96 g, 8.4
mmol) was added to a 250 mL two-necked flask. After being flushed
by a gentle stream of dry argon, 120 mL of DMF and isopropylamine
(1.64 g, 27.7 mmol) were added successively. Then, this suspension
was allowed to reflux for 24 h. After cooling the reaction mixture to
ambient temperature, the mixture was pulled into 250 g of ice and a
yellow solid was precipitated. The precipitate was filtered and purified
by column chromatography (silica gel, dichloromethane/triethyl-
amine = 125:1) to obtain the corresponding product as a pale yellow
crystal (2.15 g, 65% yield). 1H NMR (400 MHz, CDCl3, δ): 8.73 (s,
4H), 5.43 (m, 1H), 4.27 (t, 2H), 2.51 (t, 2H), 2.29 (s, 6H), 1.97 (m,
2H), 1.62 (d, 6H) (Figure S19).
4-((3-(7-Isopropyl-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-

benzo[lmn][3,8]phenanthrolin-2(1H)-yl)propyl)dimethyl-
ammonio)butane-1-sulfonate (NDI-S). To a 250 mL two-necked
flask, compound 2 (1.18 g, 3 mmol) was added. After being flushed by
a gentle stream of dry argon, methanol (120 mL) was injected into
the flask, and then, 1,4-butane sultone (1.23 g, 9 mmol) was added
into this mixture. The mixture was further stirred for 48 h at 65 °C.
After cooling the reaction mixture to ambient temperature, the
solution was concentrated by a rotary evaporator and then added
dropwise to 500 mL of acetone. The formed precipitate was filtered
off and washed with dichloromethane and ethyl ether. The crude
product was recrystallized from a mixture of water and methanol to
obtain a white crystalline solid (1.30 g, yield 82%).1H NMR (400
MHz, D2O, δ): 8.46 (s, 4H), 5.32 (m, 1H), 4.22 (t, 2H), 3.58 (t, 2H),
3.47 (t, 2H), 3.03 (s, 6H), 3.01 (t, 2H), 2.31 (m, 2H), 2.02 (m, 2H),
1.99 (m, 2H), 1.65 (d, 6H) (Figure S20). ESI-MS: m/z calcd for
C26H31N3O7S, 529; found, 552 (Figure S21). Anal. calcd for
C26H31N3O7S: C 58.97, H 5.90, N 7.93, O 21.15, S 6.05; found: C
57.14, H 5.69, N 7.52, O 23.73, S 5.92.

Fabrication and Characterization of OSC Devices
The structure of the solar cell on the glass substrate was indium tin
oxide (ITO)/cathode interlayer/active layers/MoO3/Al. Pre-pat-
terned ITO-coated glass with a sheet resistance of 10−15 Ω/square
was cleaned by sequential sonication in deionized water, acetone, and

ethyl alcohol twice for 15 min. The pre-cleaned ITO-coated glass
substrates were UV/ozone-treated for 20 min. For ZnO CIL
preparation, the 2-methoxyethanol solution of zinc acetate dihydrate
with a concentration of 100 mg mL−1 was made first, and a little
amount of triethylamine was needed to enhance the solubility of zinc
acetate dihydrate. Then, the precursor solution was spin-coated onto
the ITO substrate at 3000 rpm for 30 s. The substrates were annealed
for 1 h at 200 °C. For NDI-M, NDI-S, and NDI-B CIL preparation,
the aqueous solution of the corresponding CIL with a concentration
of 3.5 mg mL−1 was spin-coated onto the ITO substrate at 3000 rpm
for 30 s without annealing. Then, all CIL coated substrates were
transferred to the nitrogen-filled glovebox. The active layer materials
were dissolved in chloroform with a concentration of 7.5 mg mL−1

containing the donor/acceptor (1/1.2 weight ratio). The solution
needed to be heated at 45 °C until total dissolution. The active layers
were spin-coated onto the cathode interlayer-modified substrate at
3500 rpm for 30 s after addition of 0.5% (volume ratio) of 1,8-
diiodoctane. After that, the blend films were annealed under 100 °C
for 10 min. Finally, 10 nm MoO3 and 100 nm Al anode were
evaporated sequentially under vacuum at 2 × 10−4 Pa. The device area
was 0.04 cm2.

The current density−voltage (J−V) characteristics were recorded
with an Agilent B2912A Precision Source/Measure unit. The J−V
curve was tested using 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 100 mW cm−2.
The effective area of the device is 0.04 cm2. External quantum
efficiency (EQE) was measured using the solar-cell spectral-response
measurement system QE-R3011 (Enli Technology Co., Ltd).

CIL thickness was obtained through a surface profilometer (Dektak
XT, Bruker). The CIL film thickness in less than 10 nm was
determined by calibration curves. First, we accurately measured the
thicknesses of several thick films over 10 nm by both the step profiler
and the UV−vis absorption intensities of the corresponding films.
Then, a linear relationship of absorption intensity with thickness was
established. Lastly, the film thickness in less than 10 nm was obtained
through the calibration curve from measuring the absorption intensity
of the ultrathin film (Figure S5).
Electrochemical Impedance Spectroscopy
The electrochemical impedance spectroscopy (EIS) measurement was
performed using a E4990A Impedance Analyzer with a 20 mV ac
signal at frequencies from 5 MHz to 20 Hz under the illumination of
AM 1.5G, 100 mW cm−2. A bias voltage equal to Voc was applied to
offset the total current.
Photostability Measurement of OSC Devices
Devices were sealed by glass and tested in air. An array of white light-
emitting diodes was used as the light source with an intensity
equivalent to 1 Sun, which was calibrated by matching the device
performance to those measured under AM 1.5 G. The initial exposure
time is defined as time 0 s. The devices were kept under open-circuit
conditions. The temperature of the cells was 45−55 °C during
measurements.
DVS Measurement
Water sorption isotherms were recorded by a DVS analyzer (Vsorp
Enhanced, ProUmid, Germany) at 25 °C. Stoichiometric ratio (RS)
can be calculated by the equation

= ×RS Moisture uptake
Mw

Mw
sample

water (1)

■ RESULTS AND DISCUSSION
The chemical structures and synthetic routes of NDI-M and
NDI-S are shown in Figure 1b. NDI-N was prepared according
to the literature method. The product NDI-M ammonium
alkanesulfonate salt was synthesized by the alkylation reaction
of NDI-N with methyl methanesulfonate. The NDI-based
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precursor of NDI-S was synthesized by a simple two-step
reaction using commercially available compounds, 1,4,5,8-
naphthalenetetracarboxylic dianhydride, N,N-dimethyl-1,3-
propane-diamine, and dimethylamine, as starting materials.
The final product NDI-S zwitterion was synthesized by amine-
induced ring−opening reactions of 1,4-butane sultone with the
NDI-based precursor, giving good yields over 80%. Further-
more, the molecular structures of NDI-M and NDI-S have
been characterized by 1H nuclear magnetic resonance, EI mass
spectrometry (Figures S17−S22), and elemental analysis. Both
NDI-M and NDI-S can be dissolved in water and are
completely insoluble in organic solvents such as chloroform,
toluene, and chlorobenzene, which are widely used in making
the active layers in OSCs; this factor is crucial for the
multilayer deposition in OSC fabrication.
In order to achieve solvent orthogonality for multilayer

depositions, the introduction of polar groups is usually
required in the design of CIL molecules. However, the
hygroscopicity of polar groups makes CIL molecules
vulnerable to moisture erosion. As a result, the stability of
devices based on these CIL molecules becomes susceptible to
environmental humidity. To study the effect of polar groups on
hygroscopicity, we investigated the hygroscopicity of NDI-M,
NDI-B (NDI-B in Figure S1), and NDI-S molecules. Although
these NDI-based molecules are all zwitterions, NDI-S and
NDI-B have one and two alkyl sulfonate groups pendant from
the quaternary ammonium salt group, respectively. However,
the two alkyl sulfonate groups of NDI-M are not bonded to the
limb structure of NDI-M. Differences in polar groups in these
CILs may lead to differences in the surface energy and

hygroscopicity of these CILs, further affecting the stability of
devices using these CILs in moisture. As shown in Figure 2a,
the NDI-S film shows a higher water and diiodo-methane CA
(contact angle), implying a more hydrophobic surface than the
NDI-M or NDI-B film. The surface energies (γS) calculated by
the Wu model are 59.38 mN/m for NDI-S, 73.88 mN/m for
NDI-M, and 72.33 mN/m for NDI-B. Compared to the NDI-
M or NDI-B film, the distinct hydrophobicity of the NDI-S
film is not only beneficial for improving the wettability of the
nonpolar solvent used to prepare the photoactive layer upon
NDI-S but is also favorable to enhance the endurance to
moisture for devices based on NDI-S.37 Moisture sorption/
desorption studies were performed by using the DVS method
to investigate the hydration and dehydration behavior of these
CILs. For each investigated CIL molecule, the moisture
sorption/desorption isotherms reported in Figure 1b−d show
the evolution of moisture content versus ambient air RH at a
constant temperature of 25 °C. As shown in Figure 2b, the
moisture uptake of NDI-M is about 10 wt % when the RH is
less than 80%. Also, the moisture uptake of NDI-M increases
dramatically when the RH is greater than 80%, indicating that
NDI-M begins to deliquesce.38,39 As the RH increases to 95%,
the moisture uptake of NDI-M increases up to 85 wt %. The
strong hygroscopicity of NDI-M reveals the intrinsic instability
of the non-bonded zwitterion in high humidity environments.
In Figure 2c, the moisture uptake of NDI-B is 15 wt % at 95%
RH, and its adsorption and desorption isotherms are basically
the same. We can observe that the moisture absorption of
NDI-B is relatively stable in the RH ranges of 95−60% and
50−20%, and the average moisture adsorption for these two

Figure 2. (a) Contact angles of diiodo-methane (DIM) and water dropped on the CIL surface. DVS moisture adsorption (empty points) and
desorption (solid points) profiles of (b) NDI-M, (c) NDI-B, and (d) NDI-S samples. The raw data of DVS are presented in Figure S2.
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ranges are 14.59 and 7.95 wt %, respectively. According to
equation (1) in the experimental section, the RS between
water and NDI-B was calculated to be 5.73 for the RH range of
95−60% and 3.12 for the RH range of 50−20%, which
corresponds to the formation of the hexahydrate and
trihydrate.40,41 The hygroscopicity of NDI-B is much lower
than that of NDI-M, and the hydrates formed in the above RH
ranges are stable, which makes the stability of devices using
NDI-B significantly higher than that of NDI-M. As for NDI-S,
it can be seen in Figure 2d that there was a continuous increase
in mass, which was attributed to the sorption of moisture in the
RH range from 0 to 60%. At 70% RH, the mass suddenly
decreased, which was ascribed to crystallization. With the
lattice rearrangement during crystallization, vapor is expelled
from the crystal lattice.42,43 In order to prove that there was a
change from the amorphous to the crystalline state in NDI-S,
powdered X-ray diffraction experiments before and after the
moisture sorption were performed. Figure S3 shows that the
diffraction peaks appeared after moisture sorption, verifying
the transition from amorphous to crystalline in NDI-S. After
the RH was further increased, the final moisture uptake at 95%

RH was measured as 10 wt % for the crystalline NDI-S. During
the desorption process, the moisture uptake of NDI-S was
stable in the RH range from 95 to 60%, and the corresponding
RS was calculated to be 2.88, indicating the formation of
crystalline trihydrate. The extremely low hygroscopicity of
amorphous NDI-S ensures the stability of devices using NDI-S
as the CIL under a humid atmosphere, and the transformation
of NDI-S from amorphous to crystalline trihydrate under a
high RH environment can reduce the amount of moisture
absorption, which may further improve the stability of the
device, making it promising for practical use.
Figure 3a shows the absorption spectra of NDI-M and NDI-

S as solid films, and the inset shows their transmittance spectra.
The absorption band in the 300−400 nm range is typical for
the NDI core, and the polar ammonium alkanesulfonate group
does not change the optical properties of the NDI core.
Moreover, both the NDI-M and NDI-S films show a good
transparency between 450 and 1000 nm, which indicates that
these CILs have small optical losses, being beneficial for
achieving larger short-circuit current (JSC). The conductivities
of the NDI-M and NDI-S films were measured by using the

Figure 3. (a) Normalized ultraviolet−visible absorption spectra of ZnO, NDI-M, and NDI-S as films. The inset shows their transmittance spectra.
(b) UPS of ZnO, NDI-M, and NDI-S films. AFM topography images of (c) ITO, (d) ZnO, (e) NDI-M, and (f) NDI-S films. All UPS and AFM
characterizations were taken from the samples on ITO substrates.
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two-point probe method. The devices with a structure of ITO/
CIL/Al were fabricated, and the I-V characteristics were tested.
As shown in Figure S4, the conductivities of the ZnO, NDI-M,
and NDI-S films are calculated to be 4.75 × 10−4, 5.08 × 10−4,
and 6.65 × 10−4 S/m, respectively. The high conductivity of
NDI-M and NDI-S can facilitate charge transport and
effectively depress the charge recombination at the active
layer/cathode interface. The work function (WF) is a key
factor to determine the CIL performance of NDI-M and NDI-
S. By using the secondary electron cut-off in the high binding
energy (kinetic energy) region of the UPS spectrum, we can

obtain the WF of ZnO, NDI-M, and NDI-S to be 3.92, 3.93,
and 4.01 eV (Figure 3b), respectively. Compared with the WF
value of ITO (4.71 eV), these CILs drastically reduce the WF
of ITO, so as to provide the better energy level alignment with
the photoactive layers, facilitating the charge injection into the
electrodes.44 The reduction of WF in NDI-M and NDI-S also
ensures that they can be perfectly used in inverted OSCs. Since
the good film formation is a fundamental requirement for
CILs, surface morphology of the CILs on the ITO substrate
was investigated by atomic force microscopy (AFM). As shown
in Figure 3c−f, the bare ITO substrate showed a root-mean-

Figure 4. (a) Device structure of the OSCs used in this work and chemical structures of active layers. (b) J−V characteristics of OSCs with ZnO,
NDI-M, and NDI-S. (c) EQE characteristics of OSC devices with ZnO, NDI-M, and NDI-S as CILs. (d) Nyquist plot of impedance spectra
measured on OSCs with different CILs. Inset: the equivalent-circuit model employed for fitting of EIS data. (e) Photo-CELIV curves of the devices.
(f) Photocurrent (Jph) versus effective voltage (Veff) curves. (g) Jsc of the devices as a function of light intensity.

Table 1. Optimized Photovoltaic Parameters of Devices Based on ZnO, NDI-M, and NDI-S under the Illumination of AM
1.5G, 100 mW cm−2

CILs Voc [V] Jsc [mA cm−2] FF PCEa [%] Jsccal [mA cm−2] Rs [Ω cm2] Rsh [kΩ cm2]

ZnO 0.84 26.37 73.57 16.20 (15.68 ± 0.30) 25.48 3.16 757.58
NDI-M 0.84 26.58 77.53 17.25 (17.01 ± 0.27) 25.66 2.27 746.27
NDI-S 0.84 26.61 77.26 17.27 (17.08 ± 0.23) 25.82 2.30 1706.23

aData in brackets are average PCE values obtained from at least eight individual devices.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00307
JACS Au 2022, 2, 1918−1928

1923

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00307/suppl_file/au2c00307_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00307?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00307?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


square roughness (Rq) of 3.29 nm, while after modifying with
ZnO, NDI-M, and NDI-S, the Rq values of the ITO substrates
were decreased to 1.71, 2.73, and 2.70 nm, respectively. The
smooth surfaces of NDI-M and NDI-S CILs are favorable to
form good physical and electronic contact between CIL and
ITO.
Based on the advantages mentioned above, we prepared

inverted OSC devices with NDI-M and NDI-S to investigate
their performances as CILs. Since ZnO is the most widely used
CIL material in inverted devices, the device modified with
ZnO was also fabricated as a comparison. The device structure
and the photovoltaic materials (PBDB-TF and BTP-eC9) for
the active layer are shown in Figure 4a. J−V characteristics of
the optimal OSCs with the as-studied CILs are displayed in
Figure 4b, and the relevant photovoltaic parameters are listed
in Table 1. Figure 4c shows EQE curves, and the integrated
currents from the EQE spectra are in good agreement with the
Jsc values measured from the J−V curves. The optimal
thickness was found to be 10 nm for both NDI-M and NDI-S,
which is determined by calibration curves (Figure S5). Under
AM 1.5 G, 100 mW cm−2 illumination, the device with NDI-S
achieves a good PCE of 17.27%, along with a Voc of 0.84 V, a
Jsc of 26.61 mA cm−2, and an FF of 77.26%, representing the
state-of-the-art photovoltaic performance of inverted OSCs.
The NDI-M-modified OSC showed a PCE of 17.25%, which is
similar to that of the NDI-S device. Both NDI-S and NDI-M
devices exhibit higher PCE than that of ZnO devices (PCE =
16.30%). As reported in many studies, the high conductivity is
favorable to developing thickness-insensitive interlayer materi-
als. Thus, we investigate the effect of CIL thickness on device
performance. As shown in Figure S6, both NDI-M and NDI-S
exhibit outstanding tolerance to thickness variation in
fabricating OSCs, that is, the OSCs with 100-nm NDI-M
and NDI-S exhibited high PCEs of 14.19% and 14.66%,
respectively. The results suggest that NDI-M and NDI-S are
thickness-insensitive CIL materials, making them promising to
be used in large-area fabrication.
Besides ZnO, other representative CIL materials such as

PFN-Br and PNDIT-F3N-Br were also used as CILs for
fabricating OSC devices. As shown in Figure S7, the control
OSC devices based on PFN-Br and PNDIT-F3N-Br exhibited
PCEs of 15.69 and 15.53%, respectively. The photovoltaic
performances of the OSCs with PFN-Br and PNDIT-F3N-Br
are inferior to the NDI-S or NDI-M devices. In particular,
compared to the control devices, the OSCs based on NDI-S
and NDI-M showed much higher FF values, suggesting the
superior electron collection ability of the NDI-based CILs.
Moreover, the JSC of OSCs could also be greatly improved by
using the NDI-M and NDI-S CILs, which should be ascribed
to the photoelectric conversion ability of NDI-M and NDI-S.
The remarkable improvement in PCE of the NDI-S- and NDI-
M-based devices stems from the substantial increase in the key
device parameters of Jsc (from 26.37 to 26.61 mA cm−2 and
26.58 mA cm−2) and FF (from 73.57 to 77.26% and 77.53%)
in comparison with the ZnO-based device. The improvement
of Jsc and FF is mainly related to the interfacial contact and
electron extraction. The energy level diagram of each
component in the inverted devices is shown in Figure S8.
The WF of ITO covered with NDI-S and NDI-M is located
above the LUMO level of the electron acceptor BTP-eC9,
which is the same as ZnO. According to the integer charge-
transfer model, such energy level alignments can cause
spontaneous charge transfer from the acceptor to the CILs,

which is essential for the formation of barrier-free interfacial
contact.45 In order to investigate the interfacial resistance
which is closely related to the interfacial contact, the EIS
measurement was performed by using a E4990A Impedance
Analyzer with a 20 mV ac signal at frequencies from 5 MHz to
20 Hz under the illumination of AM 1.5G, 100 mW cm−2. A
bias voltage equal to VOC was applied to offset the total
current. Fitting by Nyquist and an equivalent-circuit model is
shown in the inset of Figure 4d,46,47 and the series resistance
(Rseries) values were determined to be 351, 372, and 780 Ω for
the devices with NDI-S, NDI-M, and ZnO, respectively. The
lower Rseries values means fewer interfacial defects for the
devices modified with NDI-S and NDI-M, which may further
depress the charge recombination. The decreasing interfacial
defects can reduce current leakage of the device by reducing
trapping of the film. Figure S9 displays the dark J−V curves of
devices modified with these CILs. Obviously, the dark current
of NDI-S- and NDI-M-treated devices indicated more
restrained leakage current under reverse bias voltage and
higher current under forward bias and produced a rectification
ratio larger than that of the ZnO device, proving that carrier
injection registered was improved after NDI-S and NDI-M
modification.48 All these results proved that better interfacial
contact was formed in NDI-S and NDI-M devices.
The superior electron extraction capacity of NDI-S and

NDI-M to ZnO was investigated by the measurements of
carrier mobility, exciton dissociation, and carrier recombina-
tion. The carrier mobilities of the OSCs with NDI-S, NDI-M,
and ZnO were characterized by using the linearly increasing
voltage (photo-CELIV) measurement to be 2.05 × 10−4, 2.03
× 10−4, and 1.31 × 10−4 cm2·V−1·s−1, respectively, as shown in
Figure 4e. The high charge mobility demonstrates the excellent
electron extraction and transport properties of the device with
NDI-S and NDI-M. The built-in voltage (Vbi) of devices was
estimated by means of Mott−Schottky analysis. Based on the
fitting data in Figure S10 (dashed lines), the Vbi of ZnO is 0.56
V, which is much lower than that of NDI-S (0.60 V) and NDI-
M (0.60 V). The larger Vbi of NDI-S and NDI-M suggests that
the ideal internal electric field can be achieved in the devices,
and thus, the exciton dissociation may be improved. To further
demonstrate the above-mentioned points, we measured the
photocurrent density (Jph) versus the effective voltage (Veff =
Vbi − Vapp, where Vapp is the applied bias) of OSCs with these
CILs.49 As shown in Figure 4f, the exciton dissociation
probabilities (Pdiss) of the devices were 97.8% for NDI-S,
96.9% for NDI-M, and 93.9% for ZnO. The lower Pdiss value of
the ZnO device than that of NDI-S and NDI-M devices
indicated that the relative devices were affected more by
efficiently dissociated excitons, and so, the ZnO device can
only generate poorer JSC and FF. Similarly, it is observed that
NDI-S and NDI-B could better suppress the carrier
recombination. The charge recombination behavior of the
OSCs was evaluated by the dependence of JSC on the light
intensity (P), as well as the dependence of Voc on P.50 In
Figure 4g, according to the law of JSC ∝ P,51 the fitted slopes
for NDI-S and NDI-M devices are 0.96 and 0.94, respectively,
approaching closely to 1, while the slope of ZnO device is 0.87.
This means that there is effective carrier collection and well-
suppressed bimolecular recombination in the OSCs with NDI-
S and NDI-M as CILs. The slope of VOC versus ln(P) line
should be kT/q for bimolecular recombination,50 while the
competition between bimolecular and Shockley−Read−Hall
type, trap-assisted recombination makes the slope between kT/
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q and 2 kT/q. As shown in Figure S11, the OSCs with NDI-S,
NDI-M, and ZnO exhibit the slopes of 1.12, 1.18, and 1.28 kT/
q, respectively. It is obvious that the slopes of the devices with
NDI-S and NDI-M are closer to kT/q, which indicates the
suppression of the trap-assisted recombination in the devices.
Transient photovoltage measurements were employed simulta-
neously and are shown in Figure S12. The carrier lifetimes (τ)
are calculated to be 2.20, 1.63, and 1.09 μs for NDI-S, NDI-M,
and ZnO devices, respectively. Thus, compared to the ZnO
device, NDI-S and NDI-M devices restrained the trap-assisted
recombination and induced an enhancement of the electron
extraction to the cathode. These results demonstrate that NDI-
S and NDI-M have electron extraction and transport capacities
superior to ZnO, which explains the increased JSC and FF of
the NDI-S and NDI-M devices.
In addition to the enhancement in the device performance,

the use of NDI-S and NDI-M molecules significantly improved
the long-term stability of the inverted solar cells. In our
previous work,35 we have demonstrated that the ZnO CIL
suffers from photo-instability due to its intrinsic ultraviolet
(UV)-response that could result in poor stability of the OSCs,
while the NDI-based CIL shows perfect and comprehensive
stability. Therefore, in this work, our study of stability mainly
focuses on the comparison of NDI-S, NDI-M, and NDI-B.
First, the intrinsic stability of OSCs modified with these CILs
was investigated. The devices with NDI-S, NDI-M, and NDI-B
were encapsulated and kept in air ambient at room
temperature. As shown in Figure 5a, OSCs modified with all
these CILs could maintain over 95% of the initial PCE value
after a storage time of 1464 h. These results suggest that the

use of NDI-S and NDI-M as CILs provides the benefits of
good storage stability, which is the same as the use of NDI-B.
Although the encapsulation can improve the storage stability of
OSCs, the erosion problem of moisture ingression may occur
through tiny crevices in the package during long-term
operation. To evaluate the intrinsic resistance of OSCs to
moisture, the stability of NDI-S-, NDI-M-, and NDI-B-based
unencapsulated OSCs was investigated in an 80% RH
environment at 25 °C. As shown in Figure 5b, the NDI-S-
based cell shows the best intrinsic stability with the PCE
keeping 93% of its initial value after a 168 h storage period. In
contrast, the PCEs of the reference devices with NDI-M and
NDI-B CILs degraded to 56 and 79% of their initial values,
respectively. The normalized JSC, FF, and VOC of the OSCs
under the exposure of 80% RH are depicted in Figure S13 as a
function of exposure time. For the NDI-M device, the JSC, FF,
and VOC exhibited obvious declines after being exposed to high
RH for 160 h. While using the NDI-B CIL, the VOC of the
device was reduced to 80% of the initial value, indicating a
deterioration of the electron collection ability. Notably, all the
photovoltaic parameters of the NDI-S device could remain
constant under the same conditions, suggesting that the NDI-S
CIL can protect the device from moisture ingress to maintain
the efficient electron extraction and transport properties. The
device degradation in a humid atmosphere is commonly
associated with the stability of active layer and interfacial
contacts. Thus, the stability of the active layer under high R.H.
conditions was first investigated by measuring the absorption
spectra of the PBDB-TF:BTP-eC9 blend film. As shown in
Figure S14, the absorption spectrum of PBDB-TF:BTP-eC9

Figure 5. (a) Storage stability of the encapsulated devices with NDI-M, NDI-S, and NDI-B CILs in air. (b) Normalized PCE values as a function of
exposure time in an 80% RH environment at 25 °C for devices modified with NDI-M, NDI-S, and NDI-B. (c) Photo-stability of the NDI-M, NDI-
S, and NDI-B devices (the encapsulated cells were measured in air under the illumination of AM 1.5 G, 100 mW cm−2. The temperature was
45∼55 °C). (d) Extrapolated lifetime plot for the NDI-M-, NDI-S-, and NDI-B-based OSCs. The T80 values are extracted based on the function y
= ax + b. (e) Results of PCEs and T80 lifetimes of the OSCs from previous studies and in this work.
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remained unchanged after being stored under an 80% RH
environment for 168 h, indicating that the high RH did not
cause the decomposition of the active layer materials. Since the
possible mechanism of device instability related to the
decomposition of the active layer can be excluded, the
discrepancy in intrinsic stability should lie in the CIL/active
layer interfacial contact. The intrinsic stability of NDI-M and
NDI-S was evaluated. The surface morphology and WF of CIL
films after the aging process by saturated moisture vapor were
characterized. Since the NDI-M film is readily destroyed
through deliquescence in the high humidity environment, the
intrinsic stability of NDI-M to moisture can hardly be
characterized. The influence of high humidity on surface
morphology and WF of NDI-B and NDI-S films was studied.
The AFM results indicated that, after the storage of 168 h at
80% RH, the NDI-B and NDI-S films could retain smooth
surfaces without observing any increase of Rq value (Figure
S15a,b). The results indicate that the NDI-B and NDI-S films
possess good chemical and morphological stability by resisting
the erosion of moisture. Figure S16a,b presents the WF
variations of the NDI-B and NDI-S films in an 80% RH
environment. The WF of NDI-B showed an increase of
approximately 0.11 eV after being stored for 168 h, while the
WF of NDI-S remained almost unchanged under the same
conditions. The unvaried WF value indicates that the good
moisture resistance of NDI-S can maintain an efficient electron
collection ability of the CIL, contributing to the high stability
of the NDI-S-based OSCs. These results indicated that the
degradation of device performance by moisture would be
significantly affected by the difference in polar groups of CIL
molecules. Compared with NDI-M and NDI-B, the extremely
low hygroscopicity of NDI-S and the transition to a crystalline
state under a high humidity environment enable NDI-S devices
to exhibit excellent moisture resistance. Since OSCs are
practically operated under irradiation for a long period, the
long-term photostability of OSCs also should be concerned.
The long-term photostability of the encapsulated NDI-S-,
NDI-M-, and NDI-B-based OSCs was investigated in ambient
air under continuous AM 1.5G illumination. As shown in
Figure 5c, the NDI-S-, NDI-M-, or NDI-B-modified OSCs
retained over 95% of the initial efficiency after 2100 h of
continuous illumination. NDI-S and NDI-M are NDI-based
molecules, which can effectively prevent organic photovoltaic
materials from ultraviolet damage by converting the absorbed
ultraviolet into photocurrent. The effect of NDI-based
molecules on stability improvement of OSCs has been proved
in our previous work.35 Since the corrosion effect of ambient
conditions and the long-term permeation of moisture can
inevitably cause the degradation of OSC performances, we
extrapolate the T80 lifetime (the time required to reach 80% of
the initial PCE) of the solar cells according to the linear fitting
of the photoaging period ranging from 0 to 2100 h (Figure
5d). The extrapolated T80 lifetimes of devices were found to
be 28 228 h for NDI-S, 8378 h for NDI-M, and 16 456 h for
NDI-B. This result confirms that the decreased hygroscopicity
of NDI-S plays an essential role in improving the stability of
OSCs. As summarized in Figure 5e,52−56 to the best of our
knowledge, the T80 lifetime value of NDI-S OSCs was among
the best values for the OSCs ever reported, which will pave the
way for the commercialization of OSC technology.
In summary, two naphthalene diimide derivatives NDI-M

and NDI-S were synthesized to be utilized as CILs for inverted
OSC devices. Compared with ZnO, the NDI-M and NDI-S

devices have the optimal PCE of about 17.3% based on PBDB-
TF:BTP-eC9, which is among the highest photovoltaic
efficiencies ever recorded in inverted OSC devices. This
outstanding PCE could result from the better interfacial
contact, improved charge carrier transportation, facilitated
exciton dissociation, and depressed charge carrier recombina-
tion. The exceptional stability of the NDI-S device is further
demonstrated by a T80 of over 28 000 h under operational
conditions, which represents the best stability in the field of
OSCs at present. Most importantly, the device modified with
NDI-S exhibits excellent stability in an 80% RH environment.
By using the DVS method, we demonstrate for the first time
that the linkage of the counter ions with the host molecular
structure in the zwitterion by the covalent bond can
significantly reduce the hygroscopicity of the interlayer
molecular, and the transformation of NDI-S from amorphous
to crystalline trihydrate under a high RH environment can
promote the reduction of moisture uptake, which further
improves the stability of the device. Overall, the stability of
NDI-S under a high humidity environment can significantly
reduce the burden of device encapsulation, thus paving the way
for the practical application of high-efficiency OSCs.
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