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Organic photovoltaic devices (OPVs) have received great
attention in the past decades for next-generation renewable
energy sources due to the low production cost and flexible
structure.'™ The structure of OPVs is commonly composed of
anode, hole transport layer (HTL), photoactive layer, and
cathode.*® In general, an electrically conducting polymer such
as poly(3.,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) is used as the HTL to improve interfacial prop-
erties between the anode and photoactive layer.”” The
PEDOT:PSS consists of hydrophobic and conductive
PEDOT-chains doped with hygroscopic insulator PSS,
resulting in poor electrical properties.”” It has been known
that treatment of PEDOT:PSS with polar organic solvent or
acid and annealing caused the conformational change'®™'? and
thus improved the electrical conductivity.'*'* However, con-
trolling the orientation and shape of the PEDOT in PEDOT:
PSS is still a challenge for improving the electrical percolation
pathway. Recently, the electrical conductivity of PEDOT:PSS
has been enhanced by inducing the gelation of PEDOT
through self-assembly with graphene oxide (GO) and/or
graphene quantum dots (GQDs).'>'® Although the gelation of
PEDOT:PSS improved its mechanical, thermal, and electrical
properties, its morphological changes and gelation mechanism
in thin films have not been well understood.

In this letter is described the development of reticulated
charge—transporting networks with enhanced electrical
properties of self-assembled PEDOT:PSS organogels con-
taining carbon-dots. Carbon-dots acted as a physical linker
with PEDOT-chains in PEDOT:PSS through electrostatic
interactions, resulting in the formation of a core—shell (car-
bon-dot@PEDOT) nanostructure. Furthermore, the blend-
ing ratio of carbon-dots and PEDOT:PSS and the gelation
time affected the organogel film morphology of a nano-
structure which is associated with their electrical properties.
The resulting carbon-dot@PEDOT:PSS organogel films
were applied as an HTL for typical poly(3-hexylthiophene)
(P3HT): [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)
bulk heterojunction (BHJ) OPVs. As a result, the power con-
version efficiency (PCE) of OPVs was enhanced by 30%
due to the improvement of the electrical percolation pathway
of the PEDOT:PSS films.
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Carbon-dots were fabricated from carbon nanofibers
through a hydrothermal oxidation process.'®'” The diame-
ter of carbon-dots was determined to be about 6 nm by
high-resolution  transmission  electron = microscopy
(HRTEM) (Figure S1(a), Supporting Information). Since
carbon-dots are composed of sp>-hybridized carbon atoms,
lattice images inside the carbon-dots were clearly observed
(Figure S1(b)). Consequently, the quantum confinement
effect of carbon-dots was expected, which was confirmed
by optical properties of carbon-dots. The UV-Vis spectra
of carbon-dots (0.1 wt %) in isopropyl alcohol (IPA)
exhibited two peaks (Figure S2(a)). The absorption peak at
269 nm originated from the m—r* transition of sp® carbon
atoms in carbon-dots. The absorption peak at 347 nm was
ascribed to the n—x* transition of oxygen atoms at the edge
site of carbon-dots involved in C=0 and C—O groups.'®"”
Although the photoluminescence (PL) intensity was
reduced with decreasing excitation energy, the PL spectra
were red-shifted (Figure S2(a)). The blue PL emission at
420 nm (Aex 380 nm) was from the quantum confinement
effect of carbon-dots. On the other hand, the green emission
band at about 520 nm (A.x 460 nm) arises from the edge
effect of oxygens.”® Fourier-transform infrared spectros-
copy (FT-IR) was performed to identify the functional
groups in carbon-dots (Figure S2(b)). FT-IR exhibited a
broad O—H stretching of hydroxyl groups at 3462 cm™', a
C=O0 stretching of carboxyl groups at 1797 cm™", and C—O
stretching of the epoxide ring deformation on the basal
plane at 1348 and 1087 cm™". The aromatic C—C stretching
was also observed at 1612 cm™'.?'?? This is consistent
with the considerable generation of oxygenated functional
groups at the edge sites of carbon-dots after the hydrother-
mal oxidation process, resulting in negatively charged
carbon-dots. The surface charge of carbon-dots was mea-
sured to be —16.6 mV by a zeta potential analyzer. Thus,
morphology changes were expected to occur in PEDOT:
PSS through electrostatic interactions between PEDOT-
chains and carbon-dots. The carbon-dots dispersed in IPA
(0.5 wt %) were added to PEDOT:PSS solution. When the
mixture in the vial was left undisturbed for 1 h, organogels
were formed (Figure 1(a), right). However, organogels were
not observed in the vial containing only PEDOT:PSS and
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nogels formed with carbon-dots (right). (b) Cross-sectional high-
angle annular dark-field (HAADF-STEM) image of 0gCos.
(c) High-resolution transmission electron microscopy (HRTEM)
image of a core-shell (carbon-dot@PEDOT) nanostructure.
(d) Schematic representation of the core—shell nanostructure.

IPA without carbon-dots (Figure 1(a), left). The prepared
organogels are termed as 0gCq i, 02Coo, 02Co3, 02Co.4,
and ogCy s, respectively, where the subscript number refers
to the volume fraction of carbon-dots (I wt % in IPA)
added to PEDOT:PSS solution. For example, 0gCy s indi-
cates that the ratio of carbon-dots to PEDOT:PSS is 1:1
(v/v). The cross-sectional image of 0gCys by the high-
angle annular dark-field scanning TEM (HAADF-STEM)
(Figure 1(b)) exhibited core—shell nanostructures with an
average diameter of about 11 nm, which is 5 nm larger than
that of carbon-dots. The core size almost coincides with the
diameter of the as-synthesized carbon-dots. Furthermore,
the lattice image of the core was revealed by HRTEM, as
shown in Figure 1(c). Since the brightness of the HAADF-
STEM image is proportional to the atomic number,’ the
bright shell with an average thickness of about 2.5 nm was
assumed to be PEDOT-chains. Consequently, it was
assumed that core—shell nanostructures are composed of
carbon-dots as the core with dark images and PEDOT-chains
as the shell with bright images. These results indicate that
addition of a polar organic solvent such as IPA to the
PEDOT:PSS solution weakened Coulomb interactions
between PEDOT and PSS,23’24 and then electrostatic interac-
tions between positively charged PEDOT-chains and nega-
tively charged carbon-dots resulted in core—shell (carbon-
dot@PEDOT) nanostructures (Figure 1(d)). The gelation
phenomena were monitored by TEM according to the con-
centration of carbon-dots and the gelation time. Figure 2
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Figure 2. The sequential changes of TEM images obtained during
gelation of organogel films; (a) 3 min, (b) 15 min after addition of
50 vol % carbon-dots, and (c¢) 3 min, (d) 15 min after addition of
20 vol % carbon-dots.

showed sequential changes of the TEM images depending
on the concentration of carbon-dots added to the PEDOT:
PSS solution and the gelation time. In the case of 0gCys,
hyperbranched structures were observed after 3 min gelation
time as shown in Figure 2(a). The hyperbranched structures
then merged into interconnected structures and micro-sized
reticulated features after 15 min (Figure 2(b)). On the other
hand, although the hyperbranched structures were not
observed in 0gCy, (Figure 2(c)) after 3 min, the reticulated
features were also observed after 15 min (Figure 2(d)). These
results indicate that the interchain interactions occurred
between the core-shell nanostructures and the unreacted
PEDOT-chains in PEDOT:PSS matrix during the initial state
of the gelation process, resulting in the hyperbranched struc-
tures. The hyperbranched structures then merged into inter-
connected structures through n—x interactions and hydrogen
bonding, as shown in Figure 2(b) and (d). Finally, a three-
dimensionally connected self-assembled organogels were
formed (Figure 1(a)).

The organogel films were used as the HTL for P3HT:
PCs;BM BHJ OPVs by the spin-coating method. The OPV
performances were investigated according to the concentra-
tion and gelation time of the carbon-dots added to PEDOT:
PSS solution. The characteristic parameters including an
open-circuit voltage (V,.), a short-circuit current (Jy.), a fill
factor (FF), and a PCE are summarized in Table 1 and
Table S1. The numbers indicated in min (Table S1)
represent the gelation time between PEDOT:PSS and
carbon-dots. The PCE of OPVs was enhanced with increas-
ing gelation time in 0gCg; and 0gCp,. On the other hand,
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Table 1. Photovoltaic performances of BHJ OPV devices.

HTL Control 0gCo 1 0gCo 0gCo 3 0gCo 4 0gCo s
Voe (V) 11.31 14.93 15.48 13.80 14.06 14.14
Jo. (mA/cm?) 0.59 0.58 0.59 0.59 0.59 0.59
FF 0.55 0.48 0.52 0.52 0.50 0.50
PCE (%) 3.67 4.15 4.78 421 4.11 4.15

Device configuration of ITO/HTL/P3HT:PCs;BM/LiF/Al was used in all cases.

the PCE of OPVs based on 0gCpy3, 0gCp4, and 0gCys
reached maximum values at the shorter gelation time. All
OPVs with organogel films as the HTL exhibited higher PCEs
than control OPVs, which were prepared from the mixture of
PEDOT:PSS and IPA without carbon-dots (Table 1 and
Figure 3). These results support the fact that the organogel
films provide a better electrical pathway for carrier hopping
in HTLs, because the PEDOT-chains in the organogel films
were interconnected, improving electrical properties.'>'®
Interestingly, the PCE of OPVs based on 0gCys with
120 min gelation time was lower than that of the control
OPVs (Table S1). This is because the excess concentration
of carbon-dots and long gelation time in PEDOT:PSS inter-
fere with the homogeneous formation of a charge transport
pathway.'® As a result, 0gCy, with gelation time of 90 min
formed an optimum HTL to produce the highest
performance OPVs.

In summary, we have developed PEDOT:PSS-based orga-
nogels containing carbon-dots as an effective HTL to enhance
the hole transport in OPVs. The negatively charged carbon-
dots acted as a physical linker in organogels through electro-
static interactions with the positively charged PEDOT chains
in the PEDOT:PSS matrix, resulting in core—shell (carbon-
dot@PEDOT) nanostructures, which affected the distribution
of three-dimensionally interconnected PEDOT chains during
gelation and induced the formation of organogel films. The
organogel films used as the HTL significantly improved the
OPV performance by up to 30%, depending on the concen-
tration of carbon-dots and gelation time. These results suggest
that the carrier transport pathway in organogel films can be
improved through intermolecular interactions between
carbon-dots and PEDOT:PSS, and can be applied to other
optoelectronic devices such as organic light-emitting diodes
and light-emitting electrochemical cells.

Experimental

Reagents and Materials. All the chemical agents used in
this study were commercially available and used without
further purification. Carbon nanofiber was purchased from
Sigma-Aldrich (Munich, Gemany), and P3HT and PCs BM
were purchased from Nano-C (Westwood, MA, USA). Poly
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:
PSS, Clevios™ P) was purchased from Heraeus; (Leverkusen,
Germany).
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Preparation of Carbon-Dots. Carbon nanofibers
(NEXCARB-H, 0.30 g) were added into a mixture of con-
centrated H,SO4 and HNO; (3:1 v/v), followed by sonica-
tion for 1 h and continuous stirring for 1 day at 110 °C.
After cooling, the resulting solution was neutralized with
Na,CO;3. Ethanol was added to the carbon-dots solution,
followed by centrifugation at 15 000 rpm for 30 min to
obtain uniform-sized carbon-dots. The supernatant of
carbon-dots solution was further dialyzed and dispersed
into isopropyl alcohol (IPA).

Fabrication of Organic Photovoltaic Devices. The struc-
ture of the fabricated OPVs was glass/ITO/HTL/
photoactive layer/LiF/Al. The HTL used was PEDOT:PSS
or organogel films. The organogel films were produced by
addition of carbon-dots in IPA to the PEDOT:PSS solution
with various ratios from 10 to 50 vol %. The photoactive
layer was P3HT:PCs;BM blend system (1:0.8 w/w, 2 wt
%) in chlorobenzene. The prepared solution was spin-
coated onto the HTL and then annealed at 150 °C for
10 min in a glove box. Finally, LiF (I nm) and Al
(100 nm) as cathode were deposited under 10~® Torr by

thermal evaporator. The active layer was 4 mm®.

Characterization. The optical properties were character-
ized by absorption (Beckman, DUG650, Fullerton, CA,
USA) and photoluminescence (PL) spectra (Jasco, FP-7500

20
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Figure 3. Current density—voltage (/-V) characteristics of the
OPVs with PEDOT:PSS (control), 0gCy 1, 0g2Co.2, 02Co3, 02Co.4,
and 0gCy s as hole transport layers.
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spectrometer, Tokyo, Japan). The chemical composition of
carbon-dots was confirmed by Fourier-transform infrared
(FT-IR) spectroscopy using a Nicolet 6700 (Thermo scien-
tific, Waltham, MA, USA). A focused ion beam (FIB, FEI
Helios 650, Eindhoven, the Netherlands) was used for pre-
paring cross-sectional samples. The thin films having less
than 100 nm thickness were fabricated for TEM analysis
with the lift-off method using a nanomanipulator
(Omniprobe, Oxford Instruments, High Wycombe, UK).
HAADF-STEM (FEI Technai F20, Eindhoven, the Neth-
erlands) and HRTEM (JEOL JEM-2100; JEOL,
Akishima, Japan) were performed to obtain cross-
sectional images of organogel thin films and carbon-
dots, respectively. The current density—voltage (J-V)
curves were obtained using a Keithley 2400 source
meter (Keithley Instruments, Solon, OH, USA) with an
AM1.5 simulated white light source at 100 mW/cm?.

The active area of the device was 4 mm?>.
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