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3D surfactant-dispersed graphenes as cathode
interfacial materials for organic solar cells

Fei Pan"*", Song Bai', Xian Wei', Yingfen Li', Dianyong Tang’, Xiwen Chen’, Menglan Lv"*" and

Yongfang Li**

ABSTRACT
green solvents have wide applications in coatings, conducting

Graphene dispersions in low-boiling-point

inks, batteries, electronics and solar cells. Two three-dimen-
sional (3D) cathode interfacial materials (CIMs)
(1,3,5,7,9,11,13,15-octa-(9-bis(30-(N,N-dimethylamino)pro-
pyl)-2,7-fluorene)-vinylpentacyclo-octasiloxane)  (POSSFN)
and (1,3,5,7-tetra-(9-bis(30-(N,N-dimethylamino)propyl)-2,7-
fluorene)-adamantane) (ADMAFN) are excellent surfactants
for dispersing graphene in ethanol at the concentration of
0.97-1.18 mg mL™', in agreement with their calculated large
adsorption energies on graphene. The results of electron spin
resonance, Raman, scanning Kelvin probe microscopy and X-
ray photoelectron spectroscopy measurements indicate that
the amino groups could n-dope graphene or form dipole in-
teraction with graphene. The two 3D-surfactant-based gra-
phene composites (POSSFN-G and ADMAFN-G) can work as
high-performance CIMs in organic solar cells (OSCs), which
improve the power conversion efficiency (PCE) of the OSCs
based on PM6:Y6 to 15.9%-16.1%. ADMAFN forms dipole
interaction with graphene in ADMAFN-G and the composite
CIM delivers high PCE of 16.11% in the OSCs, while POSSFN
forms n-doped composition with graphene in POSSEN-G
which works well as thicker CIM film in the OSCs.

Keywords: organic solar cells, interfaces, 3D cathode interfacial
materials, graphene composites

INTRODUCTION
Organic solar cells (OSCs) have underwent significant
progress recently and become one of the promisingly

renewable energy technologies [1,2]. Organic-semi-
conductor-based photovoltaic materials offer a flexible
mechanical property, versatile chemical structure, light
weight and low cost. These characteristics make OSCs
potential energy source in transparent power-generating
glass, zero-emission buildings, new-energy vehicles, and
energy cycle in public places.

Two main types of organic semiconductors are used in
the OSCs, which are n-type small molecule organic ac-
ceptor and p-type conjugated polymer donor [3-9]. The
complementary absorption and electronic energy level
matching of the donor and acceptor materials are of
crucial importance for achieving high power conversion
efficiency (PCE) of the OSCs [8-9]. In addition, the
electrode interfacial materials are also very important for
high-performance OSCs [10-16]. Especially, the alcohol/
water soluble cathode interfacial materials (CIMs), which
can lower the work function of cathode, suppress the
charge recombination and improve the charge extraction,
have attracted great attention in the development of OSCs
[10-16].

Graphene possesses high charge carrier mobility, me-
chanical flexibility, compatibility with solution processing
and tunable Fermi energy [17-20]. Very recently, we
developed a new CIM PDINO-G by dispersing graphene
in a typical water/alcohol soluble CIM PDINO ((N,N-
dimethyl-ammonium N-oxide) propyl perylene diimide)
[21]. The graphene was n-doped by PDINO in PDINO-G
which became an excellent CIM for OSCs. To further
explore the application of graphene composites as CIMs
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for the OSCs with high performance, it is very important
to understand how the structure of traditional water/al-
cohol soluble CIMs affects the graphene dispersion and
the modification of graphene structure.

Previously, we reported a series of three-dimensional
(3D) alcohol/water soluble materials with pendant am-
monium salts or neutral amines as CIMs, which work
similarly to or better than their linear structured CIMs for
OSCs [13,22,23]. The 3D materials have more pendant
functional groups and may possess advantages in com-
parison with the linear CIMs, such as excellent solubility,
prominent processability, and highly spatial molecular
structure, which will be beneficial for dispersing the 2D
graphene. With these considerations, in this study, we
synthesized two 3D CIMs, POSSEN [23] (1,3,5,7,9,11,13,
15-octa-(9-bis(30-(N,N-dimethylamino)propyl)-2,7-
fluorene)-vinylpentacyclo-octasiloxane) and ADMAFN
(1,3,5,7-tetra-(9-bis(30- (N,N-dimethylamino)propyl)-2,7-
fluorene)-adamantane), as dispersants for graphene, both
of which possess the same alcohol-soluble amine groups.
They are used for efficiently dispersing graphene to form
3D composite CIMs. The pendant chain self-assembly
property of the 3D CIMs affects their interaction with
graphene in their composites and impacts on the pho-
tovoltaic performance of the OSCs based on the com-
posite CIMs.

EXPERIMENTAL SECTION

Graphene oxide (GO, thickness: 0.335-1.0 nm; length:
0.5-5.0 um; purity: >99.9%; layer number: 1), commercial
single-layer graphene (micromechanical exfoliation, per-
centage of single layer: >95%; thickness: 1-2 nm; length:
5-10 um; layer number: 1-2; purity: >98%) and com-
mercial single-layer graphene on silica substrates (CVD)
were obtained from Suzhou Tanfeng Graphene Tech-
nology Co. LTD. PM6 and Y6 were purchased from So-
larmer Materials Inc. and used without further
purification. Other chemicals and solvents were obtained
from Alfa Aesar, J&K, and TCI Chemical. Co., respec-
tively. Poly(3,4-ethylenedioxythiophene):polystyrene sul-
fonate (PEDOT:PSS, PVP Al 4083) was purchased from
H. C. Starck. The indium tin oxide (ITO) glass (15 Q per
square, transmittance > 86%, Nippon sheet glass) was
purchased from South China Science & Technology
Company, Ltd. Poly (p-(N,N-dimethylamino) styrene)
(PSN) (GPC: M,=14.5 kDa; M,/M,=1.65 Anal.) was
synthesized according to a reference [13]. The 3D mate-
rials ADMAFN and POSSEN were synthesized as de-
scribed in the Supplementary information (SI) with
synthetic routes shown in Schemes S1 and S2. A mixture
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solution of the surfactant and single-layer graphene
power (1-50 wt.%) in ethanol was sonicated for 60 min in
an ice-water bath (the temperature was controlled at
0-5°C).

The conventional device structure of the OSCs was
ITO/GO/PEDOT:PSS/PM6:Y6/CIMs/AL Pre-cleaned
ITO substrates were treated by UV-ozone treatment for
30 min. GO solution (0.4 mg mL ' in water) was coated
onto the substrates at 5000 rpm, and then 10 nm PEDOT:
PSS was coated on the GO film and dried at 150°C for
30 min in air. Next the GO/PEDOT:PSS substrates were
transferred into a nitrogen atmosphere glove box. PMé:
Y6 (1:1.2 weight ratio in chloroform:chloronaphthalene
(99.5:0.5 in volume) solution) blend active layers were
spin-coated and annealed at 110°C for 5min. The
thickness of the active layer was approximately 110 nm.
Afterward the CIMs layers were deposited on the active
layer by spin-coating their ethanol solutions at a spin-
coating rate of 3000 rpm. Finally, in a vacuum chamber at
a pressure of about 5.0x10 ° Pa, 100 nm of aluminum was
thermally deposited atop the interlayer. A shadow mask
with an effective device area of 0.046 cm” was used for the
completion of the devices.

The current density-voltage (J-V) characteristics were
measured by using a computer-controlled Keithley 2400
source measurement unit under 1 sun, AM 1.5G spec-
trum from a classic solar simulator (Newport 94023A)
with a 450 W Xenon lamp in a glove box filled with ni-
trogen. The light intensity was calibrated to be
100 mW cm ~ by a Newport Oriel 91150V reference cell.
The external quantum efficiency (EQE) of the OSCs was
measured by a Solar Cell Spectral Response Measurement
System QE-R3-011 (Enli Technology Co. Ltd., Taiwan).
The light intensity at each wavelength was calibrated with
a standard single-crystal Si photovoltaic cell.

Molecular weight measurement of PSN was carried out
on an Agilent PL-GPC 220 Gel Permeation Chromato-
graphy (GPC) instrument, using 1,2,4-trichlorobenzene
as the eluent at 160°C. The bath ultrasonicator was pur-
chased from Shenzhen Pinhuang Science and Technology
Ltd. (Model Number: Dongsen DS-040ST), and the
maximum ultrasonic power was 240 W, ultrasonic fre-
quency was 40 kHz, and max capacity was 10 L. Scanning
Kelvin probe microscopy (SKPM) was implemented on a
KP Technology SKP5050. The electron spin resonance
(ESR) spectra were recorded on a JEOL JES-FA200 ESR
spectrometer (300 K, 9.063 GHz, X-band). Microwave
power used was 1 mW, and the magnetic field sweep
width ranged from 3310 to 3710 G. The modulation
frequency was 100 kHz, and the modulation amplitude
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was 3.5 G. Atomic force microscopy (AFM) measure-
ments were carried out by using a Bruker-ICON2-SYS in
a tapping mode. The X-ray photoelectron spectroscopy
(XPS) measurements were performed on the ESCALa-
b220i-XL system. The X-ray diffraction (XRD) patterns of
the pristine graphite and the graphene films were col-
lected on an Empyrean Rigaku-D/max 2500 V X-ray
diffractometer with Cu Ka radiation. Raman spectra were
recorded with an Olympus FV1000-IX81 Raman micro-
scope equipped with a 533-nm Ar jon laser. The transient
photocurrents of the devices were measured by applying
500-nm laser pulses with a power of 0.354 MW. The laser
pulses were generated from an optical parametric am-
plifier (TOPAS-Prime) pumped by a mode-locked Ti:
sapphire oscillator seeded regenerative amplifier with a
pulse energy of 1.3 mJ at 800 nm and a repetition rate of
1 kHz (Spectra Physics Spitfire Ace). The photocurrent
produced a transient voltage signal on a 50-Q) resistor,
which was recorded by an oscilloscope (Tektronix TDS
3052C).

RESULTS AND DISCUSSION

Dispersion of graphene in alcohol/water soluble 3D
materials

The reason for designing different kinds of 3D CIMs for
graphene dispersion is that: i) to investigate the re-
lationship between different spatial configurations of
materials and the dispersion properties of graphene; ii) to
study the charge transfer mechanism of the pendant
functional groups of the 3D materials with graphene; iii)
to verify the effect of the composite materials based on
the 3D CIMs and graphene on the cathode surface
property in the OSCs.

The molecular dynamics package Forcite plus with the
standard periodical boundary conditions and periodic
density functional theory [24-26] were conducted to
evaluate the molecular dynamics of our molecular design
strategy (Figs S1-S3), and the structure of materials ad-
sorbed on single-layered graphene was simulated. The
dispersants include two 3D materials ADMAFN and
POSSEN, with a linear material poly(p-(N,N-dimethyla-
mino) styrene) (PSN) for comparison. The calculation
results of the adsorption energies (Table 1) reveal that the
3D materials POSSFN (—6.37eV) and ADMAFN
(—4.01 eV) have much larger adsorption energies than
PSN (—0.64 eV) on the single layer graphene. They are
also larger than PDINO (—3.510 eV) [21], and a reported
CIM N,N-bis [2-(ethanesulfonic acid sodium)]-1,4,5,8-
naphthalene diimide (NDI-2) (—1.074 eV) [27]. The large
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Table 1 Adsorption energies of different surfactants on the graphene
surface estimated by periodic density functional theory calculations

Adsorption energies on

Surfactants single-layer graphene surface (eV)
PDINO —3.510 [21]
PSN —0.64
ADMAFN —4.01
POSSFN —6.37

exothermal energy of the 3D materials results in the
unique 3D space structure, m-conjugated aromatic system
and electronic properties of the amino pendant chains
that work independently and synergistically. POSSFN has
larger adsorption energy than ADMAFN. The pendant
functional groups of POSSEN can be self-assembled on
the graphene surface while those in ADMAEFN are dis-
tributed spatially on the graphene surface (Figs 1 and 2).

To measure the graphene-dispersibility of the CIMs,
the bath ultrasonic was used to disperse the commercial
graphene powder in ethanol with different CIM surfactants
(PSN, AMDAEFN and POSSEN). Graphene concentrations
with the surfactants were calculated based on the absorption
spectra shown in Fig. S4 [27]. The graphene concentration
increases first and then decreases with the increase of the
dispersant concentration, with a maximum graphene con-
centration of 1.18, 0.97, and 0.45 mgmL ' at the optimal
concentration of ADMAFN (1.00 mg mL™"), POSSEN
(1.00 mg mL™"), PSN (4 mg mL ™), respectively. The
ability of dispersing graphene in alcohol at these relative
high concentrations is highly desirable for many appli-
cations where low-boiling-point green solvents are pre-
ferred [28,29].

The Tyndall effect (Figs S5 and S6), XPS (Fig. S7),
Raman spectroscopy (Fig. S8), XRD (Fig. S9), AFM
(Fig. S10), and transmission electron micrographs (TEM)
(Fig. S11) were exploited to characterize the dispersion of
graphene. The XPS spectrum of the commercial graphene
powder displays a prominent C=C peak at 284.5 eV and a
very weak signal for the C-C band (285.3 eV, which are
derived from the sp’-hybridized carbon bonds in the
graphene lattice and sp’-hybridized carbon bonds re-
spectively, and verify the low content of defects [26,30-
32]. The Raman spectra of the graphene dispersed in
different surfactants with excitation at 532 nm show the
G band at about 1582 cm ' of the graphene treated with
different dispersants, which is ascribed to the sp’-hy-
bridized carbon bonds in the graphene lattice. The 2D
band at about 2710 cm ' and the intensity ratio of 2D/G
confirm the few-layered graphene formed in the com-
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Figure 1 The constructed cluster model of ADMAFN/single layer graphene: (a) side view and (b) top view; (c, d) the calculated charge density

$3

differences in the ADMAFN/single layer graphene. The green and yellow regions represent charge accumulation and depletion, respectively, and the
isosurface value is 0.04 e A ~.

Figure 2 The constructed cluster model of POSSFN/single layer graphene: (a) side view and (b) top view; (c, d) the calculated charge density

differences in the POSSFN/single layer graphene. The green and yellow regions represent charge accumulation and depletion, respectively, and the

z -3

isosurface value is 0.005 e A °.
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posites [26,30-32]. The XRD patterns of graphene com-
posites (with 10% graphene) show broad and weak peak.
Note that no graphite peak at 26° can be seen, which
suggests that the dispersions of graphene in PSN, AD-
MAFN and POSSEN are probably close to the single-
sheet level [26,30-32]. The AFM images of the graphene
flakes deposited on a mica substrate were measured to
characterize the exact number of layers. A lateral size of
around 300 nm with a thickness of about 1.24 nm was
observed. According to the thickness distribution of 50
graphene flakes, the majority of graphene flakes have an
average thickness of 1.657 nm, indicating the single-layer
feature.

Photovoltaic performance

The dispersed graphene in PSN, ADMAFN and POSSFN
(named as PSN-G, ADMAFN-G and POSSFN-G, re-
spectively) was used to fabricate OSCs as the CIMs (or
electron transport layer). The GO-PEDOT:PSS composite
was employed as the hole transport layer, as it was re-
ported that the composite showed improved photovoltaic
performance than PEDOT:PSS as the anode interlayer
[33-35]. We chose copolymer PM6 as the donor and the
small molecule n-type organic semiconductor (n-OS) Y6
as the acceptor [8] to construct the OSC devices with a
framework of ITO substrates/(GO)-PEDOT:PSS/PM6:
Y6/CIM/Al, and the weight ratio of graphene in the
composite CIM was optimized to be about 10%. The
molecular structures of PM6, Y6 and the interfacial ma-
terials used in this study and architectural structure dia-
gram of the OSCs are displayed in Fig. 3. The J-V curves
of the OSCs are shown in Fig. 4a, and the detailed pho-
tovoltaic parameters are summarized in Table 2. The PCE

PSN

ADMAFN [*

POSSFN

of the device increases from 13.82% (open circuit voltage
(Voo = 0.842V, short-circuit current density (J.) =
23.01 mA cm >, fill factor (FF) = 71.38%) for the control
device with bare Al cathode, to 14.77% (V.. = 0.845 V, J.
=24.46 mA cm_z, FF = 71.47%) for the device with linear
material PSN/Al cathode, 15.40% (V,. = 0.851V, J. =
24.84 mA cm_z, FF = 72.87%) for the device with 3D
material ADMAFN/Al cathode, and 15.33% (V.
= 0853V, J, = 24.74 mA cm , FF = 72.66%) for the
device with 3D material POSSFN/AI cathode. It can be
seen that the photovoltaic performances of the 3D CIMs
with sphere or regular tetrahedron structure are very si-
milar to that of the linear polymer CIM. By replacing
them with the graphene-containing composite CIMs, the
resulting device efficiency increases to 15.42% (V.
= 0.846 V, ] = 24.63 mA cm >, FF = 74.01%) for the
PSN-G CIM-based OSC, 16.11% (V,. = 0.845V, J.. =
25.45 mA cm >, FF = 74.91%) for the ADMAFN-G CIM-
based OSC and 1591% (V.. = 0.849V, J. = 25.34
mA cm °, FF = 73.93%) for the POSSEN-G CIM-based
OSC. Fig. 4b shows the EQE spectra of the corresponding
OSCs. The integral current density values (J.,.) from the
EQE data agree well with the ], values measured from the
J-V curves (see Table 2), indicating the reliability of our
measurement on the photovoltaic performance.

Characterization of the graphene dispersion

To further investigate the work mechanism of the gra-
phene-containing 3D composite CIMs in improving the
photovoltaic performance of the OSCs, we measured the
conductivity of the CIMs and the work function of var-
ious electrodes modified by the CIMs. The conductivities
of the graphene-containing composites were measured by

Figure 3 Molecular structures of the photovoltaic and interfacial materials used in this study and the schematic diagram of the OSCs device.
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Figure 4 Photovoltaic performances of the OSCs based on PM6:Y6. (a) J-V curves of the OSCs with different CIMs under the illumination of
AM1.5G, 100 mW cm . (b) The external quantum efficiency spectra of the corresponding OSCs.

Table 2 Photovoltaic performance data of the OSCs based on PM6:Y6 with different CIM/Al cathodes under the illumination of AM 1.5 G,
100 mW cm 2. The devices structure is ITO/(GO)-PEDOT:PSS/PM6:Y6/CIMs/Al

CIM/AI cathode V. (V) Joo U (mA cm ™) FF (%) PCE,... (%) PCE,, (%)
Al 0.842 23.01 (22.09) 71.38 13.82 13.6+0.2
PSN/AI 0.845 2446 (23.48) 71.47 14.77 14.5+0.3
ADMAFN/AL 0.851 24.84 (23.85) 72.87 15.40 15.240.2
POSSEN/AI 0.853 24.74 (23.75) 72.66 15.33 15.1+0.3
PSN-G/Al 0.846 24.63 (23.40) 74.01 15.42 15.2+0.2
ADMAFN-G/Al 0.845 25.45 (24.09) 74.91 16.11 15.9+0.2
POSSFN-G/Al 0.849 25.34 (24.01) 73.93 1591 15.7+0.2

a) The J, is from the external quantum efficiency spectrum.

the Space Charge Limited Current (SCLC) method [36],
and the device structures were ITO/graphene-containing
composites/Al. In the region of Ohmic contact where the
slope of the log-log plot is 1, the conductivity data is
extracted (Fig. S12). The results illustrate that with the
addition of graphene, the insulating materials (PSN,
ADMAFN and POSSFN) become conductive, and the
conductivities increase to 3.05x10 °Scm = (10% gra-
phene in PSN-G), 6.09x10 °Scm ' (10% graphene in
AMDAFN-G), and 1.41x10 *Scm ' (10% graphene in
POSSEN-G), respectively.

Tables S1-S3 list the work function data of the gra-
phene-containing 3D composites with different graphene
ratios on the ITO, evaporated gold and evaporated silver
electrodes, measured with SKPM. The work function of
ITO was set at 4.70 eV, and each value of the work
functions was calculated relative to it. The evaporated
gold and silver electrodes possess reasonable work func-
tions of 4.65+0.03 eV and 4.55+0.03 eV, respectively,
which are the same as the reported values [15,17,37]. The
work functions are reduced to 4.06-4.15 eV for both ITO
and the evaporated Au modified by PSN-G, and to
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3.55-3.58 eV for the evaporated Ag modified by PSN-G.
The work function of the AMDAFN-G with different
graphene ratios is reduced about 0.60 eV on ITO and
0.88-1.01 eV on the evaporated Ag and Au. Composites
POSSEN-G  shows reduced work functions of
0.42-0.64 eV on the three different electrodes. All the
work function values are lower than that of graphene
(4.60 eV) obviously [37], suggesting that the dispersed
graphene into the CIMs still maintains the low work
functions of the CIMs on the cathodes.

In order to further elucidate the charge transport
properties of the graphene-containing composites CIMs,
plane wave-based density functional theory calculations
with periodic boundary conditions were performed
[24,25]. The Bader charge values of different dispersants
on single layer graphene are 0.001|e| for PSN, 0.04|e| for
ADMAFN and 0.1|e| for POSSEN, respectively (as seen in
Figs S1-S3). The degree of charge transfer trend is
POSSEN-G>ADMAFN-G>PSN-G, which illustrates that
the charge transport process exists between the 3D ma-
terials and graphene. To obtain more experimental evi-
dence on the charge transport, the ESR spectra and the

February 2021 | Vol.64 No.2
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Raman spectra were measured. Fig. S13 presents the ESR
spectra of the single components of PSN, ADMAEFN,
POSSEN and their composites with graphene. It can be
seen that no obvious ESR signal was detected for
POSSEN. With 10% graphene dispersed into the CIMs,
the graphene-containing composites display broader and
stronger resonance peaks with a g value of 2.004 for both
ADMAFN-G and POSSFN-G at room temperature under
dark conditions. The ESR signal change of linear material
PSN is significantly smaller than those of the 3D materials
with dispersed graphene. Fig. 5a shows the Raman spectra
of graphene flakes dispersed with different dispersants.
The G-band shows a 1-4 cm ' blue shift accompanied
with a 3-7 cm ' blue shift of the 2D-band for the gra-
phene samples dispersed with the dispersants [30-32,38].
In addition, the similar blue shifts were observed with the
dispersants on CVD graphene on silica substrates (Fig. 5b
shows the 0-3 cm ' blue shifts for G band and 5-10 cm '
blue shifts for 2D band) [38-41]. The Raman displace-
ment of linear material PSN is significantly smaller than
those of the 3D materials. Both the ESR and Raman re-
sults prove the existence of electron transfer, but whether
the electron transfer exactly comes from the dipoles or n-
doping effects remains to be further clarified.

XPS technique was performed to probe the composi-
tion and valence band changes induced by charge transfer
(Table S4). For PSN, the N 1s binding energy appears at
399.5eV (Fig. 6a). As the graphene ratio in PSN in-
creases, the N 1s binding energy of PSN in the composite
moves from 399.5 eV to higher value at 399.8 eV. Similar
binding energy movement occurs in the 3D material
ADMAEFN, from 399.3 eV for the pure ADMAFN to
399.8 eV for the graphene-containing ADMAFN com-
posite (raised by 0.5 eV), as seen in Fig. 6b. For the 3D

material POSSEN, the N 1s binding energy of the amine
group appears at 399.6 eV. As the graphene ratio in
POSSEN increases, a new peak of the N 1s binding energy
appears at 402.1 eV and the ratio of N 1s intensities at the
peaks of 402/400 eV increases with the increase of gra-
phene content in the composites (Fig. 6¢c). This binding
energy shift of the N 1s peak is quite different from the
cases for ADMAFN and PSN where there are only
0.3-0.5 eV shifts. In POSSEN-G, there could be n-doping
of POSSEN into graphene (charge transfer from POSSFN
to graphene), while there is intermolecular dipole inter-
action involving electron donating from amine to gra-
phene in the composites of ADMAFN-G and PSN-G. For
the two 3D materials POSSFN and ADMAEFN with the
same functional amino groups, the different charge
transfer mechanisms in their graphene-containing com-
posites come from the pendant chain self-assembly of
POSSEN which could donate more electrons from amine
to graphene. Modeling results confirm more charge
transfer in POSSFN-G.

In order to explain the charge extraction properties of
the CIMs in the OSCs, the transient photocurrent
(Fig. 7a) measurements were conducted for the PM6:Y6-
based devices. It is noteworthy that the charge extraction
time for the devices with the graphene-containing com-
posite CIM (0.47 ps for PSN-G, 0.43 us for ADMAFN-G
and 0.46 pus for POSSEN) with a bias of 0 V (short-circuit
condition) under 42 mW cm ” illumination is much
shorter than those of the devices with common CIMs
(0.66 ps for PSN, 0.63 ps for ADMAFN and 0.66 ps for
POSSEN) and the device without the CIM (0.78 us). The
faster charge carrier extraction in the composite CIM-
based devices indicates that both n-doping and diploe
effect in the CIMs could decrease the charge extract time
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different dispersants of PSN, ADMAFN and POSSEN.
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and mitigate the charge recombination.

Fig. 7b shows the photocurrent density (J,,=Ji—/p,
where J; and Jp, are the photocurrent densities under il-
lumination and in the dark condition) versus effective
bias (Vg = Vy—Vie where V, is the voltage at which
Jon=0 and Vi, is the applied bias) plot of the OSCs
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[42,43]. The charge dissociation probability (P(E,T)) can
be calculated from the value of the photocurrent density
Jon divided by the saturated photocurrent density (i
which is the saturated ], value when V. >2 V). Under
the short circuit condition, the calculated P(E,T) values
are 96.17%, 97.04%, 97.49%, and 96.35%, for the OSCs
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with bare Al cathode, PSN CIM, ADMAFN CIM and
POSSEN CIM, respectively. For the devices with different
graphene-containing composite CIMs, the calculated
P(E,T) values are 97.84% (PSN-G), 97.90% (ADMAFN-
G), and 97.89% (POSSEN-G), respectively. Since the
P(E,T) value is essentially the product of exciton dis-
sociation efficiency and charge collection efficiency, the
results indicate that the OSCs based on the 3D graphene-
containing composite CIMs have higher exciton dis-
sociation rates and more efficient charge collection. The
higher P(E,T) values and the faster charge extraction
could be responsible for the improved J,. and FF of the
OSCs with the graphene-containing CIMs.

n-doping versus dipole interaction

In order to check if there is charge transfer (n-doping)
from the graphene-containing composite CIMs to the
acceptors in the OSCs, the ESR spectroscopy was con-
ducted under dark condition for the pure and the com-
posite CIMs. No ESR signal was detected for the acceptor
Y6 and the CIMs of PSN, ADMAFN and POSSFN. Then
the blend samples of Y6 and the CIMs were prepared by
dissolving them at a 1:1 weight ratio in chloroform-
ethanol mixed solvent (0.1:1 volume) followed by drying
under vacuum. As shown in Fig. S14a, strong ESR peaks
with g values of 2.005 were observed for the blend sam-
ples of PSN/Y6, ADMAFN/Y6 and POSSFN/Y6 at room
temperature under dark condition. The ESR spectral in-
tensity of the POSSEN/Y6 blend sample is significantly
stronger than those of the ADMAFN/Y6 and PSN/Y6,
probably because the different spatial structure and
functional group density of the cathode interfacial ma-
terials could affect the charge transfer of lone-pair elec-
trons [14-17]. Meanwhile, same ESR spectra with same g
values of 2.005 and intensity trend are displayed for the
blend samples of PSN-G/Y6, ADMAFN-G/Y6 and
POSSEN-G/Y6 (with 10 wt.% graphene) under dark
condition (as seen in Fig. S14b). The results indicate that
the graphene-containing composites also have strong
intermolecular n-doping effect to Y6 acceptor.

The above results show that the ADMAFN-G works
slightly better than the POSSFN-G on the device perfor-
mance, even though the POSSFN-G possesses n-doped
graphene and has higher conductivity than ADMAFN-G
with only dipole interaction. As we have reported pre-
viously [14,16], intermolecular n-doping could occur
between CIMs and acceptors in the active layer, and thus
thin conductive interface could benefit the device per-
formance. The intermolecular n-doping of the acceptor
Y6 with ADMAFN-G could form a thin conductive in-

February 2021 | Vol. 64 No.2

terlayer near the active layer and contribute to the good
device performance and the increased electron mobility.
However, the n-doping of the acceptor could only take
place near the interface. Thick ADMAFN-G film without
n-doped graphene would have lower conductivity and
may be unfavorable for the device performance. From
Table S5, with the increase of the ADMAFN-G thickness
from 3 to 12 nm, the PCE of the device decreases gra-
dually from 15.91% to 13.97%. On the other hand, the
POSSEN-G possesses n-doped graphene and has higher
conductivity. Its PCE keeps stable at about 15.65% when
the thickness changes from 4 to 11 nm. The tolerance to
the CIM thickness is very important for future low-cost
and large-area OSC fabrication.

CONCLUSIONS

Two 3D water/alcohol soluble CIMs of POSSFN and
ADMAEFN with amino functional groups were used for
dispersing graphene with high concentration of
0.97-1.18 mg mL " in ethanol, benefitted from their large
adsorption energies on graphene. The self-assembly per-
formance of the pendant chain derives from the differ-
ence of spatial configurations of the materials. The amine
fragment on POSSEN could n-dope graphene via self-
assembly behavior, while the pendant chain segments
spatially distributed on ADMAFN form dipole interac-
tion with graphene. ADMAFN-G with dipole interaction
delivers the highest PCE of 16.11%, probably benefitted
from the intermolecular n-doping of the acceptor. As
thicker CIM film in the OSCs, the n-doped POSSEN-G
works better, attractive for future commercialization.
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