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Water/alcohol soluble cathode interfacial materials (CIMs) are playing important roles in optoelectronic devices such as organic
light emitting diodes, perovskite solar cells and organic solar cells (OSCs). Herein, n-doped solution-processable single-wall carbon
nanotubes (SWCNTs)-containing CIMs for OSCs are developed by dispersing SWCNTs to the typical CIMs perylene diimide
(PDI) derivatives PDIN and PDINO. The Raman and X-ray photoelectron spectroscopy (XPS) measurement results illustrate the n-
doped behavior of SWCNTs by PDIN/PDINO in the blend CIMs. The blended and n-doped SWCNTSs can tune the work function
and enhance the conductivity of the PDI-derivative/SWCNT (PDI-CNT) composite CIMs, and the composite CIMs can regulate
and down-shift the work function of cathode, reduce the charge recombination, improve the charge extraction rate and enhance
photovoltaic performance of the OSCs. High power conversion efficiency (PCE) of 17.1% and 17.7% are obtained for the OSCs
based on PM6:Y6 and ternary PM6:Y 6:PC,;BM respectively with the PDI-CNT composites CIMs. These results indicate that the -
doped SWCNT-containing composites, like other n-doped nanomaterials such as zero dimensional fullerenes and two dimensional

graphenes, are excellent CIMs for OSCs and could find potential applications in other optoelectronic devices.

organic solar cells, cathode interfacial materials, n-doped single wall carbon nanotubes, silver electrode

Citation:

Pan F, Bai S, Liu T, Tang D, Wei X, Chen X, Lv M, Li Y. Single-wall carbon nanotube-containing cathode interfacial materials for high performance

organic solar cells. Sci China Chem, 2021, 64: 565-575, https://doi.org/10.1007/s11426-020-9917-6

1 Introduction

Organic solar cells (OSCs) using bulk heterojunctions (BHJ)
active layer of p-type conjugated polymer donor and n-type
non-fullerene acceptor have been widely studied due to their
unique merits of mechanical flexibility, light weight and low-
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cost solution-printable preparation technology [1-14]. La-
tely, the power conversion efficiencies (PCEs) of OSCs have
been improved dramatically to 15%—17% for the single
junction OSCs via employing the low bandgap n-type or-
ganic semiconductor (such as Y6) as acceptor [3,4] and wide
bandgap conjugated polymer as donor [2,3,5,6].

In addition to developing the high-performance photo-
voltaic materials, it is also crucial to develop high perfor-
mance electrode interfacial materials for realizing
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industrialization of the OSCs. Good electrode interfacial
materials need to possess suitable work function, high charge
carrier mobility and high conductivity [7—10]. Water/alcohol
soluble cathode interfacial materials (CIMs) are playing
important roles in optoelectronic devices such as organic
light emitting diodes, perovskite solar cells and OSCs, as
they can provide solution processability, reduce cathode
work function, suppress charge recombination etc. [11-14].
In recent years, the CIMs are developed from neutral to n-
doped materials with high conductivity due to their n-type
nature. The n-doped materials include n-doped polymers, n-
doped organic small molecules, and n-doped fullerene deri-
vatives [15-21]. Very recently we introduced n-doped gra-
phene-containing CIMs in OSCs [22]. The graphenes
dispersed in a classical alcohol soluble electron transport
material (N,N-dimethyl-ammonium N-oxide) propyl per-
ylene diimide (PDINO) could provide a power conversion
efficiency of 16.52% for OSCs based on PM6:Y6 [22,23].
Single-wall carbon nanotube (SWCNT) could be considered
as a rolled-up graphene sheet, and was used as an anode
interfacial material as graphene did before and little has been
tried as cathode interfacial materials due to its high work
function [24,25]. Similar to graphene, it may be doped by the
PDINO CIM to form the high performance composite CIMs
of PDINO and SWCNT. In addition, SWCNT also possesses
unique properties such as excellent charge carrier mobility,
higher conductivity, good transparency, flexibility, and so-
lution processing compatibility. Several n-doping methods
have been developed for carbon nanotubes (CNTs), such as
gaseous molecules filling, vacuum or inert gas annealing,
inorganic materials intercalation, electrochemical reduction,
organic materials adsorption [26—29]. In this work, we apply
the strategy of dispersing CNTs in traditional water-alcohol
soluble PDI derivatives CIMs (N,N-dimethylamino)propyl
perylene diimide (PDIN) and PDINO [29], and high PCEs of
17.1% and 17.7% are obtained for the OSCs based on PM6:
Y6 and PM6:Y6:PC,BM active layers, respectively, bene-
fitted from the excellent cathode interfacial properties of the
SWCNT-containing composite CIMs. It should be men-
tioned that the PDI-derivatives have a large planar electron-
deficient m-system to interact with CNT via n-w interactions,
hydrophobic forces, and Coulombic attraction for dispersion,
and show good doping effect. In addition, the PDI-deriva-
tives have suitable molecular diameters (about 10 A), which
could exist both inside and outside the SWCNTSs. Therefore,
we select the PDI-derivatives to blend with SWCNT for the
composite CIMs.

2 Experimental

2.1
Graphene oxide (GO, length: 0.5-5.0 mm; layer thickness:
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0.335-1.0 nm; layer number: 1; and purity: 99.9%), com-
mercial semi-open single-walled carbon nanotube (SWCNT,
preparation: chemical vapor deposition method; purity >97
wt%; external diameter <2 nm; length: 5-30 um; con-
ductivity 100 S cmfl) and SWCNT films were purchased
from Suzhou Tanfeng Graphene Technology Co. Ltd. PM6,
Y6, PDINO and PDIN were purchased from Solarmer Ma-
terials Inc. and used as received without further purification.
Other chemicals and solvents were obtained from Alfa Aesar
Chemical. Co. Poly(3,4-ethylenedioxythiophene):poly-
styrene sulfonate (PEDOT:PSS, PVP Al 4083) was obtained
from H. C. Starck. The ITO glass (thickness 135 nm, <15 Q
per square, transmittance >86%, soda-lime glass and Nippon
sheet glass) was purchased from South China Science &
Technology Company, Ltd. The carbon nanotube composite
cathode interfacial materials (CIMs) were made by disper-
sing the carbon nanotubes in the surfactants in ethanol with
ultrasonication for 60 min in an ice-water bath.

2.2 Device fabrication and characterization

The architecture of devices were high transmittance indium
tin oxide (ITO)/GO/PEDOT:PSS/active layer/CIMs/Al (or
Ag). Pre-cleaned ITO substrates were treated by UV-ozone
treatment for 30 min, and then 8 nm GO (from 0.3 mg mL"’
aqueous solution) was coated onto the ITO. After that, about
30 nm PEDOT:PSS was coated onto the ITO/GO substrates,
and dried at 150 °C for 30 min in air. Then the treated sub-
strates were transferred to a glove box with nitrogen-
protection. PM6:Y6 (1:1.2 weight ratio) and PM6:Y6:PC;,
BM (1:1.2:0.2 weight ratio) in chloroform:chloronaphthalene
(99.5:0.5 volume ratio) solution were spin-coated onto the
GO/PEDOT:PSS substrates to obtain a film thickness of ap-
proximately 100 nm. The active layers were annealed at
110 °C for 10 min for the PM6:Y6 binary blends and at 90 °C
for 10 min for the PM6:Y6:PC;;BM ternary blends, respec-
tively. Then ethanol solution of SWCNT composite CIM at
PDIN (with 0.3% CH;COOH) or PDINO concentration of
1.5 mg mL ™" with 3% CNT was deposited on the active layer
at3,000 r min ' to give a thickness of 10 nm (unless otherwise
stated). Finally, 100 nm of aluminum or silver was thermally
deposited atop the interface in a vacuum chamber at a pressure
of about 5.0x10 ° Pa. A shadow mask with an effective device
area of 0.046 cm” was used.

The current density-voltage (J-V) characteristics were
measured using a computer-controlled Keithley 2400 source
measurement unit under 1 sun, AM 1.5 G spectrum from a
classic solar simulator (Newport 94023A) with a 450 W
xenon lamp in a glove box filled with nitrogen (0,<0.1 ppm,
H,0<0.1 ppm). The light intensity was calibrated to be
100 mW cm by a Newport Oriel 91150V reference cell.
The PCE results in this work are obtained using more than 15
individual devices fabricated under the same conditions. The
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EQE was measured using a Solar Cell Spectral Response
Measurement System QE-R3-011 (Enli Technology Co.
Ltd.). The light intensity at each wavelength was calibrated
with a standard single-crystal Si photovoltaic cell.

2.3 Instruments and measurements

The bath ultrasonicator was purchased from Shenzhen Pin-
huang Science and Technology Ltd. (Model Number:
Dongsen DS-040ST) with the ultrasonic maximum power of
240 W, ultrasonic frequency 40 kHz, and max capacity 10 L.
Scanning Kelvin probe microscopy was implemented on a
KP Technology SKP5050. X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALab220i-
XL system. Raman spectra were recorded using an Olympus
FV1000-IX81 Raman microscope equipped with a 533 nm/
632 nm Ar ion laser. Transmission electron microscopy
(TEM) measurements were performed on a JEOL JEM-2100
system (Japan). Scanning electron microscopy (SEM) mea-
surements were performed on a Zeiss Sigma 500 (UK).

Transient photocurrent (TPC) measurements: the transient
photocurrent response of the devices was taken at short cir-
cuit condition to a 200 ps square pulse from the LED with no
background illumination. The current traces were recorded
on an Ektronix DPO3034 digital oscilloscope by measuring
the voltage drop over a 5 ohm sensor resistor in series with
the solar cell. DC voltage was applied to the solar cell with an
MRF544 bipolar junction transistor in common collector
amplifier configuration.

Transient photovoltage (TPV) measurements: in the TPV
measurements, a 405 nm laser diode was used to keep the
organic solar cells in the V, conditions. Measuring the light
intensity with a highly linear photodiode and driving the
laser intensity with a waveform generator (Agilent 33500B,
USA) allowed reproducible adjustments of the light in-
tensities under one sun. Moreover, a small perturbation was
induced with a second 405 nm laser diode. The intensity of
the short laser pulse was adjusted to keep the voltage per-
turbation below 10 mV. After the pulse, the voltage decays
back to its steady state value in a single exponential decay.

Prior to analysis, the CNTs were dispersed in ethanol after
sonication for 2 min and then drop-casted onto a Cu TEM
grid covered with a thin amorphous carbon film. The SEM
samples were prepared by dispersing the CNTs in ethanol
after sonication for 2 min. The Raman samples of SWCNT
composites were prepared by vacuum filtration of PDIN-
CNT and PDINO-CNT dispersion (centrifuged at
5,000 r min ' for 30 min) with a polyvinylidene fluoride
membrane (pore size: 0.45 mm), followed by careful wash-
ing with deionized water, methanol and ethanol once to re-
move the free surfactants, and drying under vacuum for 3 h.
Raman samples of CNT films were prepared by soaking in
the solutions of PDIN or PDINO for 2 h, followed by careful
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washing with ethanol once to remove the redundant surfac-
tant, and drying under vacuum for 3 h. The XPS and scan-
ning Kelvin probe microscopy (SKPM) samples of PDIN-
CNT and PDINO-CNT were prepared by spin-coating the
PDIN-CNT and PDINO-CNT dispersion (2 mg mL™" PDI-
NO (or PDIN) solution with different ratio of CNT) at
1,000 r min ' for 30's onto silicon dioxide substrates (for
XPS), ITO and evaporated Ag substrates (for SKPM), re-
spectively.

3 Results and discussion

3.1 CNTs dispersibility characterization

Firstly, we select the typical CIMs PDI derivatives for the
dispersion of SWCNT, considering that the large planar
electron-deficient n-systems of PDI would interact with the
CNTs via n-rm interactions, hydrophobic forces, and Cou-
lombic attraction for dispersion. As shown in Figures S1 and
S2 (Supporting Information online), the diameter of pristine
SWCNTs is about 19.3+1.8 A, which is obtained by SEM
and TEM observations. The calculated molecular diameters
of the PDI derivatives are about 10 A, which indicates that
the PDI derivatives could exist both inside and outside the
SWCNTs. The adsorption energies of PDI derivatives (PDIN
and PDINO) on both inside and outside of the SWCNTs are
calculated via periodic density functional theory (the simu-
lation method described in supporting information) [30-32].
The calculated results suggest that they have large adsorption
energies (Figures S3-S6 and Table S1, Supporting In-
formation online). Thus both PDIN and PDINO are poten-
tially good dispersants for SWCNT. In order to measure the
SWCNTs dispersibility in different dispersants, the ice-bath
ultrasonic was used to disperse the commercial SWCNT
powder in ethanol. The quality of the commercial SWCNT
was identified by XPS, SEM, TEM and Raman spectroscopy
[26-28]. Figure S7 presents representative XPS C 1s spec-
trum for the SWCNT powder. The peak position at 284.4 ¢V
is very close to the value (284.3 eV) for pure sp2 c-C
bonding in pristine highly oriented pyrolytic graphite [26—
28], indicating carbon atoms are almost exclusively sp2 hy-
bridized in commercial SWCNTs. The SEM and TEM
images of the CNT flakes indicated that mainly the single-
walled CNTs.

Figure S8(a) shows the Raman spectra of the SWCNTs
dispersed by a typical surfactant polyvinyl pyrrolidone
(PVP) with excitation at 633 nm. Two maxima are apparent
near 1,592 (G band) and 2,634 cm’' (2D band). The narrow
G band indicates that SWCNTs are semiconducting
SWCNTs [32]. For the PDI derivative dispersants with
SWCNT composites, two maxima are apparent near 1,586 (G
band) and 2,623 cm ! (2D band) for PDIN composite and
1,584 (G band) and 2,624 cm ! (2D band) for PDINO
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composite in the Raman spectra (Figure S8(b, c)). Mean-
while, the typical dispersions of the CNTs dispersibility in
PDIN and PDINO CIMs are represented by the Tyndall ef-
fect, as shown in Figure S9. More detailed properties of these
composite dispersion systems will be discussed below.

3.2 Photovoltaic properties

Afterwards, we investigated the potential of the SWCNT
composite materials as CIMs in OSCs. SWCNTs were dis-
persed in two typical CIMs PDINO and PDIN (Hereinafter
referred to as PDINO-CNT and PDIN-CNT, respectively) to
form composite CIMs for OSCs. The graphene oxide (GO)/
PEDOT:PSS composite was employed as the hole transport
material [33-35]. We fabricated the traditional structure
OSCs (ITO/GO/PEDOT:PSS/PM6:Y6/CIM/Al) using co-
polymer PM6 [36] as the electron donor and small molecule
n-type organic acceptor Y6 [3] as the acceptor. Firstly, we
optimized the SWCNT ratio in the composite CIMs by
studying the effect of the SWCNT ratio from 1% to 10% on
the photovoltaic performance of the OSCs with the compo-
site CIMs, and the results are listed in Tables S4 and S5. It
can be seen that the optimized SWCNT weight ratio is 3% for
both PDINO and PDIN CIMs. Therefore, we use 3%
SWCNT in the PDINO-CNT and PDIN-CNT CIMs in the
following.

Figure 1 shows the chemical structures and energy level
diagram of related materials studied in this work, schematic
diagram of the OSCs and constructed model of PDI-CNT
composite materials. Figure 2(a) and Table 1 display char-
acteristic J-V curves and the photovoltaic data of the OSCs.
The control devices with bare Al as the cathode exhibited the
poorest device performance of 15.12% PCE with a short-
circuit current density (J) of 25.81 mA cmfZ, an open-cir-
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cuit voltage (V,.) of 0.847 V, and a fill factor (FF) of 69.15%.
When the typical PDINO and PDIN CIMs were in-
corporated, the resulting devices delivered an enhanced PCE
of 1645% (V,=0.856V, J,=26.01 mA cm’  and
FF=73.89%) and 16.49% (V,.=0.854 V, J,=25.95 mA cm
and FF=74.44%), respectively. When PDINO-CNT and
PDIN-CNT were used as the CIMs, the PCE increased to
17.12% (V,;=0.855 V, J,=26.74 mA cm ~ and FF=74.87%)
and 17.03% (V,=0.859V, J.,=2643mAcm’ and
FF=75.00%), respectively. The PCEs of the OSCs based on
the CNT-containing CIMs are higher than that of the devices
based on the graphene-containing analogue PDINO-G CIM
as reported previously [22]. Figure 2(b) presents the external
quantum efficiency (EQE) spectra of the PM6:Y6 OSCs with
various CIMs. The integral current density values (J.)
calculated from the EQE spectra match well with the J
values from the J-V curves, with mismatch of less than 3%
(Table 1).

3.3 SWCNTs composite CIMs characterization

In order to understand the device working mechanism of the
SWCNTs composite CIMs for boosting photovoltaic per-
formance of the OSCs, the conductivity and work function
variation trends were measured. Two-point probe devices
were fabricated using organic ribbon mask technique to
measure the conductivities of CIMs, which were extracted
from the experimental data in the region of the Ohmic con-
tact [37]. All devices were measured in air at room tem-
perature. Figure S10(a, b) show the two-point probe (without
gate) J-V curves for the PDINO-CNT and PDIN-CNT CIMs
with different CNTs ratio. The results display that the con-
ductivity increased from 9.84x10°Scm™' for PDINO to
2.07x10 S cm ' for the composite CIM with 3% SWCNTs

/
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Figure 1 (a) Molecular structures of the photovoltaic and interfacial materials used in this work and schematic diagram of the OSCs; (b) the constructed

model of PDIN/SWCNT and PDINO/SWCNT (inside) (color online).



Pan et al. Sci China Chem  April (2021) Vol.64 No.4 569

5 T
@)

ITO/GO/PEDOT:PSS/PM6:Y6/Al

—=— [TO/GO/PEDOT:PSS/PM6:Y6/PDIN/AI

-5 |—*—ITO/GO/PEDOT:PSS/PM6:Y6/PDIN-CNT/Al
—o— [TO/GO/PEDOT:PSS/PM6:Y6/PDINO/AI
-104|—>— ITO/GO/PEDOT:PSS/PM6:Y6/PDINO-CNT/AI

Current density (mA cm2)

EQE (%)

|| —— ITO/GO/PEDOT:PSS/PM6:Y6/Al
|| —=—ITO/GO/PEDOT:PSS/PM6:Y6/PDIN/AI

4— |TO/GO/PEDOT:PSS/PM6:Y6/PDIN-CNT/AI
10 4/ | —*— ITO/GO/PEDOT:PSS/PM6:Y6/PDINO/AI
—¥—ITO/GO/PEDOT:PSS/PM6:Y6/PDINO-CNT/AI \

L

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2 Photovoltaic performance of the OSCs based on PM6:Y6 with
Al electrode. (a) J-V curves of the OSCs with different CIMs under the
illumination of AM 1.5 G, 100 mW cm ~; (b) external quantum efficiency
spectra of the corresponding OSCs (color online).

in PDINO, and from 6.47x10°Scm ' for PDIN to
9.89x10° S cm ' for the composite CIM with 3% CNTs in
PDIN, both increased by over 3 orders of magnitude. We also
measured conductivities of the different CIMs using the
space-charge limited current (SCLC) method [38] with the
device structure of ITO/PDINO-CNT (or PDIN-CNT)/Al as
shown in Figure S10(c, d) and Table S2. A similar trend
emerged with the two-point probe method. The
conductivities of the  composite =~ PDINO-CNT
(2.07x10°Scem ') and PDIN-CNT (9.89x10° Scm ')

CIMs are higher than that (1.18x10°-4.25x10" S cm ') of
PDINO-G [22], which may be one of the reasons why they
work better than PDINO-G CIM in the OSCs.

Meanwhile, SKPM was used to measure the variation
trend of work function on various electrode surfaces treated
by different CIMs. The work function data of the CNTs
composites with different SWCNTs doping ratios on ITO
and evaporated silver (Ag) electrode substrates are shown in
Table S3. The work function of ITO electrode was set at
4.70 eV, and evaporated Ag electrode conducts reasonable
work functions of 4.55+0.03 eV which are used as the re-
ferences [39—41]. After PDINO solution treatment, the work
functions were reduced to 3.97 ¢V for ITO substrate and
3.43 eV for evaporated Ag. The CNTs composite PDINO-
CNT with different SWCNTs ratio reduced the work function
by 0.71-1.11 eV on the evaporated Ag electrode and by
about 0.7 eV on ITO electrode. All the work function values
are lower than that of CNTs electrode (4.70 eV) obviously
[42,43], which confirm that the nanotubes composite en-
hanced the cathode interfacial modification property with
rational work functions.

Raman spectra were used further to explore the electronic
states of the SWCNTSs containing materials (Figure 3(a, b)
[26-28,44—48]. The Raman spectrum of SWCNTs dispersed
in a classical dispersant PVP showed a G band at 1,592 cm '
and the 2D band at 2,634 cm . Both were red-shifted by 8
and 10 cm ', respectively, for the SWCNTs dispersed in
PDINO. In comparison, the SWCNTs film covered with
PDINO displayed a red shifted G band and 2D band by 2 and
4em’, respectively. The larger red-shifts for the SWCNTs
dispersed in PDINO relative to the SWCNT film covered
with PDINO could indicate different electronic states of
SWCNTs in the dispersed composite and in the SWCNT
films [26-28,4448]. In dispersed composite, SWCNTs
could interact with the PDINO dispersant both on its surface
and within the tubes while as a film it can only interact with
PDINO on its surface. Theoretical calculation confirmed that
the absorption energy of PDINO on the inner tube
(—2.34 eV) is larger than that on the outer tube (—1.48 eV).
Thus the stronger interaction between SWCNT and PDINO
in the composite could result in the larger red-shifts. PDIN
showed similar Raman behavior as PDINO. The large red-
shift of both G and 2D bands could indicate moderate degree

Table 1 Photovoltaic performance data of the OSCs based on PM6:Y6 with different CIMs/Al cathode under the illumination of AM 1.5 G, 100 mW cm’

Structure of OSCs Voo (V) Je (lec.)a) (mA cmﬁz) FF (%) PCE, .« (PCE,,) (%)
ITO/GO/PEDOT:PSS/BHIJ/Al 0.847 25.81(25.09) 69.15 15.12(14.840.3)
ITO/GO/PEDOT:PSS/BHIJ/PDIN/Al 0.854 25.95(25.23) 74.44 16.49(16.3+0.2)
ITO/GO/PEDOT:PSS/BHIJ/PDIN-CNT/Al 0.859 26.43(25.77) 75.00 17.03(16.8+0.2)
ITO/GO/PEDOT:PSS/BHJ/PDINO/Al 0.856 26.01(25.28) 73.89 16.45(16.3+0.2)
ITO/GO/PEDOT:PSS/BHJ/PDINO-CNT/Al 0.855 26.74(25.96) 74.87 17.12(16.8+0.3)

a) The J,.. from the external quantum efficiency spectra.
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Figure 3 (a) Raman spectra for CNT dispersed in different dispersants; (b) Raman spectra for CNT film treated without and with PDIN and PDINO; (¢) N
1s XPS spectra and (d) O 1s XPS spectra for PDINO and PDINO-CNT with different CNT ratios; (¢) N 1s XPS spectra for PDIN and PDIN-CNT with

different CNT ratios (color online).

of n-doping of the SWCNTs by both PDINO and PDIN, in
agreement with other n-doping behaviors [44-48].

In addition, XPS was used to characterize the valence band
changes and the elemental composition. The N 1s binding
energy and the assignment of the PDINO-CNT are shown in
Figure 3(c—e) and Table 2. For PDINO only, the N Is at
~403 eV was assigned to free N-oxide while the broad peak
at ~400 eV was assigned to both amide and the rest N-oxide
which has donated electron to the perylene aromatic ring of
PDINO [22]. Accordingly, the O 1s binding energy at
~530 eV is assigned to the free N-oxide and that peak at

~531 eV to both amide and the N-oxide which has trans-
ferred electrons to the perylene aromatic ring. A self n-
doping level around 1.5% could be estimated from the N 1s
binding energy results (0.99% from O 1s). With the increase
of the SWCNTs in the composites, the ratio of N 1Is at
~400eV to N 1s at 403 eV increased, indicating more
N-oxides are involved in the electron transferring to
SWCNT. For PDINO-CNT (1:0.03), 4.2% of the N-oxide
involved in the electron transferring to either perylene or
SWCNTs. For PDIN-CNT composites, N 1s at 399 eV is
assigned to the free amine and that at ~400 eV to both the
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Table 2 The N and O quantification of PDINO-CNT and PDIN-CNT with different SWCNT ratio by XPS

571

The ratio of N Is (403 eV)

The ratio of O 1s (531 eV)

The ratio of N 1s (400 eV)/

/N 1s (400 eV) /0 1s (530 eV) N 1s (399 eV)
PDINO 0.97 2.03 PDIN 1.27
PDINO:CNT=1:0.03 0.92 2.92 PDIN:CNT=1:0.03 1.32
PDINO:CNT=1:0.10 0.88 3.90 PDIN:CNT=1:0.10 1.39
PDINO:CNT=1:0.20 0.88 4.42 PDIN:CNT=1:0.20 1.34

amide and the amine which has transferred electron to per-
ylene ring or to the SWCNTs. A self n-doping level of 12% is
thus estimated for PDIN. For PDIN:CNT(1:0.03), 14% of the
amine involved in the electron transferring. Thus the n-
doping level for PDIN-CNT is relatively higher than that for
PDINO-CNT [26,27,45-49].

In order to further study the morphology change with
different CIMs treatment, AFM and SEM measurements
were performed, and the results are shown in Figure S18,
Figure S19 and Table S6. The results indicate that the PDI-
derivatives and their composite CIMs with SWCNT show
self-assembly behavior on top of the active layer. The CIMs
treated films exhibit more rougher surface. The root mean
square (RMS) roughness of the PDIN-CNT composite CIMs
surface is 6.92 nm on PM6:Y6 active layer and 10.90 nm on
PM6:Y6:PC,BM active layer, which is slightly larger than
that of the PDINO-CNT CIMs with roughness of 5.23 nm on
PM6:Y6 active layer and 7.73 nm on PM6:Y6:PC;BM ac-
tive layer.

3.4 Exciton dissociation, charge collection and re-
combination behavior

To investigate the impact of SWCNT composite CIMs on
charge carrier recombination behavior in the OSCs, the de-
pendences of V. and J,, on light intensity (P};g,) measure-
ments were conducted. Figure 4(a) shows the plots of V,
versus In(Pig,) with data fitted to V,.onkT/qIn(Pyyp,), where
q is the elementary charge, & is the Boltzmann constant, and
T is the Kelvin temperature, respectively [49-51]. This is the
simplest and most common method to distinguish between
bimolecular recombination and trap-assisted recombination.
Therefore, the parameter n reflects the presence/absence of
carrier traps across the active layers or at interfaces with
electrodes. Trap-free carrier recombination is predicted to
have a kT/q dependence on light intensity (n=1); trap assisted
recombination is present if this relation shows a higher k7/q
slope (n>1). Taking PDINO as an example, in the OSCs
devices with bare Al electrode and Al electrode with PDINO
CIM and PDINO-CNT CIM, the slopes of the fitting lines are
1.46 kT/q, 1.29 kT/q and 1.17 kT/q, respectively. It suggests
that more trap assisted recombination involves under open-
circuit condition in bare Al electrode than that in the PDINO-
CNT/ALl device, and trap-free carrier recombination (bimo-

lecular recombination) should be the main charge re-
combination mechanism in the PDINO-CNT CIM device.
The light-intensity dependence of J,, was also measured
following the formula J, .ox(P ahght), where a is related to the
recombination degree, when o=1 means all free carriers are
collected at the corresponding electrodes without any re-
combination; when a<l indicates the existence of bimole-
cular recombination [49-51]. For the OSCs with PDINO-
CNT CIM (Figure 4(b)), the o value is 0.976, compared to
0.949 and 0.960 for the devices without CIM and with
PDINO CIM, respectively. These results verify that the
PDINO-CNT CIM could sweep out charge carriers more
efficiently with less slightly bimolecular recombination
compared with other CIMs devices, which results in the
highest PCE of 17.12% in the binary devices system.

The charge extraction properties and exciton dissociation
processes were explored by the measurements of TPC, TPV
and the photocurrent density (J,;,) versus effective bias (V)
[52-54]. As shown in Figure 4(c), TPC measurement could
illustrate the charge extraction time under short-circuit con-
ditions. For the devices with PDINO-CNT CIM, the charge
extraction average time is 0.48 ps, which is obviously shorter
than that of the device with bare Al electrode (0.90 ps) and
with PDINO CIM (0.65 ps) under 42 mW cm illumination.
In parallel, the charge carrier lifetimes of the OSCs with
different CIMs were measured by TPV measurements as
shown in Figure 4(d). The result of the photovoltaic delays
from the TPV can be clearly seen where the charge carrier
average lifetimes of the OSCs with CNT composite CIM
(7.06 ps) are significantly longer than that of the control
device (3.14 pus) and PDINO device (5.48 ps). The faster
charge carrier extraction and longer charge carrier lifetimes
in the CNT composite CIM-based devices indicate that the
CNT composite CIM could effectively help the charge ex-
traction and exciton dissociation.

Figure 4(e) shows the J, versus Vg plot of the OSCs,
where J,, is defined as J; -Jp and Vg is defined as Vi-Vi. J1
and Jp, are the photocurrent densities under illumination and
in the dark condition, respectively, and Vj is the voltage at
which J,,;=0 and Vy,, is the applied bias [55,56]. The charge
dissociation probability (P(E, T)) can be calculated from the
value of J, divided by the saturated photocurrent density
(Jeo) under the short circuit conditions, where Jg is the sa-
turated J;, value when V ;>2 V. The calculated P(E, T) va-
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normalized transient photovoltage results of the devices based on PM6:Y6; (¢) plots of photocurrent density (J,;,) vs. effective bias (V) for the devices based

on PM6:Y6 with different CIMs (color online).

lues are 95.99%, 97.20%, and 97.98% for the OSCs with
bare Al cathode, PDINO CIM and PDINO-CNT CIM, re-
spectively. In general, high P(E, T) values represent the ef-
ficient exciton dissociation and charge collection. Therefore,
this result is consistent with the TPV and TPC measurements,
and the n-doped SWCNTs composite CIMs show the best
exciton dissociation and charge collection, which could
significantly improve the photovoltaic parameters including
Js» FF and PCE of the OSC.

Finally, we studied the suitability of the SWCNT compo-
site CIMs for the OSCs based on PM6:Y6 with Ag as
cathode, because Ag cathode shows better stability for the p-
i-n structured OSCs. Figure 5(a) shows J-V curves of the
OSCs based on PM6:Y6 with Ag electrode and different
CIMs under the illumination of AM 1.5 G, 100 mW cm_z,
and Table 3 listed the photovoltaic performance data of the

corresponding OSCs. In the binary PM6:Y6 devices, the
control devices with bare silver (Ag) as the cathode exhibited
the poorest PCE of 11.31% with a J. of 25.72 mA cm °, a
Vo of 0.755V, and an FF of 54.97%. For the OSCs with
PDIN and PDINO CIMs, the PCE increased to 16.46% (V.
=0.858 V, J,=25.80 mA cm  and FF=74.39%) and 15.41%
(V,=0.850 V, J,=26.24 mA cm ~ and FF=69.11%), respec-
tively. When PDIN-CNT and PDINO-CNT were used as the
CIMs, the PCE increased to 17.07% (V,=0.862V, J
=26.16 mA cm ° and FF=75.72%) and 16.26% (V.
=0.854 V, J,=26.53 mA cm  and FF=71.76%).

In addition, the shelf-stability of the OSCs with the Ag
cathode was measured. The devices with PDIN-CNT and
PDINO-CNT CIMs were simply encapsulated by the water
and oxygen barrier films. Figure S15 shows the results of
OSC device stability experiments. The PCE of the OSCs



Pan et al.

5 T

Sci China Chem

April (2021) Vol.64 No.4 573

ﬂ 5 T [
o{——TO/GOPEDOT PSS/BHJ/Ag /) o | [—TO/GO/PEDOT:PSS/BHI/AI v
—=—TO/GO/PEDOT:PSS/BHJ/PDIN/Ag ‘ —=—{TO/GO/PEDOT:PSS/BHJ/PDIN/AI [
& —4— |TO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Ag Il =~ —4—TO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Al i
! P 1
E —51——ITO/GO/PEDOT:PSS/BHI/PDINO/Ag g =51 | ——TO/GO/PEDOT:PSS/BHI/PDINO/AI ‘
< ;ME_'\T(g/GO/PED°T3P33/BHJ/F’D'NO'CNT/AS /Il < —+—ITO/GO/PEDOT:PSS/BHJ/PDINO-CNT/AI
£ 101 : il E -101 |PM6:Y6:PC,.BM
> I >
2 154 2 151
[} (0]
© hel
§ 201 § 20
3 s
O 254 — O 25+
1 1 ®
-30 T r T -30 T T T
0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9
Voltage (V) Voltage (V)
5
|
o] ——TorGoPEDOT:PSSBHI/AG a
. —=— ITO/GO/PEDOT:PSS/BHJ/PDIN/Ag [
T —— ITO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Ag p
§ 51 ——ITO/GOPEDOT:PSS/BHI/PDINO/AG ,;
£ —v— ITO/GO/PEDOT:PSS/BHJ/PDINO-CNT/Ag ,’
£ —104 Pm6:Y6:PC,.BM |
>
2
S -154
©
g 20
3
—251 —
| — i — ——
(c)
—30] T T T
0.0 0.3 0.6 0.9
Voltage (V)

Figure 5 (a) J-V curves of the OSCs based on PM6:Y6 with Ag electrode and different CIMs under the illumination of AM 1.5 G, 100 mW cm’%; (b) J-V
curves of the OSCs based on PM6:Y6:PC;,BM with Al electrode and different CIMs under the illumination of AM 1.5 G, 100 mW cm % (c) J-V curves of the
OSCs based on PM6:Y6:PC,;BM with Ag electrode and different CIMs under the illumination of AM 1.5 G, 100 mW cm’ (color online).

Table 3 Photovoltaic performance data of the OSCs based on PM6:Y6 with different CIMs/Ag cathode under the illumination of AM 1.5 G, 100 mW cm’

Structure of OSCs V.. (V) Je (Jeae)” (mA cm ) FF (%) PCE,,, (PCE,,,) (%)
ITO/GO/PEDOT:PSS/BHI/Ag 0.755 25.72 (25.00) 54.97 11.31 (11.0£0.3)
ITO/GO/PEDOT:PSS/BHI/PDIN/Ag 0.858 25.80 (25.08) 74.39 16.46 (16.2+0.3)
ITO/GO/PEDOT:PSS/BHI/PDIN-CNT/Ag 0.862 26.16 (25.43) 75.72 17.07 (16.9+0.2)
ITO/GO/PEDOT:PSS/BHI/PDINO/Ag 0.850 26.24 (25.51) 69.11 15.41 (15.4+0.3)
ITO/GO/PEDOT:PSS/BHI/PDINO-CNT/Ag 0.854 26.53 (25.76) 71.76 16.26 (16.0+0.2)

a) The J,. from the EQE spectrum.

with Ag cathode remained 98.14% for PDIN-CNT CIM and
91.74% for PDINO-CNT CIM, relative to their initial PCE
after approximately 100 h of storage in a nitrogen atmo-
sphere glove box. Afterward, the efficiency has almost
stayed same in the following 800 h for the device with PDIN-
CNT CIM (96.7%), but the PDINO-CNT CIM based device
has been significantly attenuated (only 83.7%) (Figure S15).
These results indicate that the devices with PDIN-CNT
CIMs have better shelf-stability than that with PDINO-CNT
CIMs.

3.5 Photovoltaic properties of the ternary OSCs

The ternary OSCs based on PM6:Y6:PC,;BM were also

studied for investigating the effect of the CNT-containing
CIMs. The PCE of the devices with PDIN-CNT and PDINO-
CNT CIMs and Al cathode improved to 17.33% (V,,
=0.861V, J,=26.59 mA cm ” and FF=75.69%) and 17.70%
(V,=0.858 V, J,=26.94 mA cm ” and FF=76.59%), respec-
tively (see Figure 5(b) and Table 4 and Table S7). When the
Ag electrode was employed as the cathode, the PCE of the
OSC with PDIN-CNT CIM is improved to 17.71% (V,,
=0.867V, J,=27.20 mA cm ” and FF=75.08%) (see Figure 5
(c) and Table 4), which is one of the highest values to date in
the single junction OSCs. And a PCE of 17.40% (V,,
=0.846 V, J,=26.52 mA cm ~ and FF=77.60%) was certified
for the device of ITO/GO/PEDOT:PSS/PM6:Y6:PC,,BM/
PDIN-CNT/Ag by the National Institute of Metrology
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Table 4 Photovoltaic performance data of the OSCs based on PM6:Y6:PC,BM with different CIMs/Al or Ag cathode under the illumination of AM 1.5 G,

100 mW cm >
Structure of OSCs Voe (V) Jeo (Joure)” (mA cm ) FF (%) PCE, . (PCE,,) (%)

ITO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Al 0.861 26.59 (25.79) 75.69 17.33 (17.0+0.3)
ITO/GO/PEDOT:PSS/BHJ/PDINO-CNT/Al 0.858 26.94 (26.13) 76.59 17.70 (17.4+0.3)
ITO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Ag 0.867 27.20 (26.41) 75.08 17.71 (17.4+0.3)
ITO/GO/PEDOT:PSS/BHJ/PDINO-CNT/Ag 0.860 26.72 (25.92) 71.46 16.42 (16.1+0.3)
ITO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Ag

(measured in our lab by 0.030 cm’ mask) 0.857 27.18 (26.37) 7377 17.65
ITO/GO/PEDOT:PSS/BHJ/PDIN-CNT/Ag 0.846 26.52 77.60 17.40

(certified by NIM by 0.022 cm’ mask)

a) The J,. from the EQE spectrum.

(NIM), China (see the Test Report in Figure S16, the mask
area is 0.022 cmz), very close to the value of 17.65% mea-
sured in our laboratory. The use of stable Ag cathode in the
efficient OSCs indicates the potential application of the
CNT-containing CIMs in the OSCs.

4 Conclusions

In conclusion, efficient CIMs PDINO-CNT and PDIN-CNT
composites were obtained via dispersing SWCNT in classi-
cal water/alcohol soluble CIMs PDINO and PDIN. The
Raman and XPS measurement results confirm the n-doped
behavior of SWCNT by PDIN/PDINO. The n-doped PDI-
CNT CIMs can enhance the conductivity, regulate and con-
trol the work function of cathodes, reduce the charge re-
combination, improve the charge extraction rate and enhance
photovoltaic performance of the OSCs ultimately. High
PCEs of 17.1% and 17.7% are obtained for the OSC based on
PM6:Y6 and the ternary OSC based on PM6:Y6:PC,,BM,
respectively, with the PDI derivatives CNT composites
CIMs. The fact that the n-doped CNT composite CIMs work
better than the graphene analogue may indicate n-doped
nanomaterials, such as zero dimensional fullerenes, three
dimensional graphenes and other two-dimensional materials
are needed for further exploration for their potential appli-
cations in various optoelectronic devices.
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