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Trifluoromethyl-functionalized bathocuproine
for polymer solar cellst

Yanfei Zhao,® Matthias Georg Schwab,® Adam Kiersnowski,° Wojciech Pisula,®
Martin Baumgarten,® Long Chen,®® Klaus Mullen® and Chen Li*?

A novel bathocuproine (BCP) derivative 4,7-bis(3,5-bis(trifluoromethyl)phenyl)-2,9-dimethyl-1,10-
phenanthroline (BCP-2CF3) was synthesized and investigated as a candidate for exciton blocking layers
(EBLs) in organic solar cells. The impacts of BCP-2CF3z and BCP on the performance of photovoltaic
devices were studied for bulk-heterojunction (BHJ) devices with a blend of poly[N-9”-hepta-decanyl-
2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)] (PCDTBT) and [6,6]phenyl-Ce;-butyric
acid methyl ester (PCgBM). In comparison with BCP, BCP-2CF3 showed a comparable improvement in
the power conversion efficiency (PCE) (ca. 39%), and moreover a better thermal stability. Organic
photovoltaic (OPV) devices with BCP-2CF3 withstood an annealing temperature as high as 100 °C, while
those with BCP revealed a loss about 90% of the original efficiency at the same temperature. The newly
designed principle for BCP-derived EBL materials opens a window for systematic enhancement of the

www.rsc.org/MaterialsC

1. Introduction

Organic photovoltaic (OPV) devices have emerged as a new
branch of the photovoltaic family due to their advanced properties
including low cost, light-weight, mechanical flexibility, easy
processability and large-scale production. The power conversion
efficiency (PCE) of single junction devices has exceeded 10%,"
which is still not as high as conventional silicon-based cells.”
Hence, endeavors are made to further optimize their performance.*
One of which is to design and develop new semiconducting
materials. The chemical structures of organic semiconductors
can be “well-defined” to synthesize ideal donors and acceptors
for bulk-heterojunction (BHJ) devices,”™" or donor-acceptor
co-oligomers for single molecular solar cells."**® The bandgaps
can be narrowed for high sunlight exploitation efficiency by the
enlargement of the n-conjugated systems, transition from
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efficiency and especially durability of organic solar cells.

aromatic to quinoid resonance forms and integration of donor-
acceptor functional units.'®*® The energy levels can be well fitted
between donors and acceptors for efficient charge separation at
minimum energy loss by the introduction of electron-donating
or -accepting groups.”°° Molecular packing can be controlled
to facilitate charge carrier transport by modification of the main
structure with suitable side-chains.?*' Meanwhile, much
research has been devoted to device structure optimization. One
facile approach is the implementation of anode and/or cathode
buffer layers (CBL) to improve the contact properties of organic
active layer/electrode interfaces.”>> An exciton blocking layer
(EBL) is one type of cathode buffer layer which prevents the
quenching of excitons and holes at the metal electrode. Critical
requirements for efficient EBL materials are: (1) conductivity: an
electron transporting material is required to ensure a low series
resistance;>®?” (2) energetics: it should possess a wide energy
gap (Eg) to blockthe diffusion of excitons to the cathode and a
highest occupied molecular orbital (HOMO) lower than that of
the donor material to block holes; and (3) color: the materials
should be colorless to act as a non-absorbing layer to the incident
solar radiation.*® Among many candidates satisfying the above
three criteria, bathocuproine (BCP),*® bathophenanthroline
(BPhen),* 1,3,5-tris(2-N-phenylbenz-imidazolyl) benzene (TPBI),"**!
tris(8-hydroxy-quinolinato)-aluminium (Algz)*'™** and titanium
suboxide (TiOx)** are the most common EBL compounds. In
terms of improving PCE, BCP and BPhen are as efficient as their
competitors or even superior.*"*>° However, the device stability
remains a challenge. BCP- and BPhen-based OPVs suffer from
aging especially in air and under high temperature conditions.**** >

This journal is © The Royal Society of Chemistry 2016
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It is reported that BCP thin films readily crystallize in the
presence of moisture, oxygen, and heat yielding micron-sized
domains.*® Doping BCP with a larger molecule like 3,4,9,10-
perylenetetracarboxylicbis-benzimidazole (PTCBI)*® or Alg;**
prevented film crystallization, thus extending device lifetime.
Since the poor stability of BCP is the bottleneck for its wide
application, it is the aim of this work to better understand BCP
based EBL materials.

A new BCP derivative 4,7-bis(3,5-bis(trifluoromethyl)phenyl)-
2,9-dimethyl-1,10-phenanthroline (BCP-2CF;) was synthesized
according to the molecular designing concepts as follows:
introducing substituents onto the phenyl rings to (1) tune the
energy levels, (2) influence the molecular ordering and the
ultimate thin film morphology, and (3) tune the crystallization
temperature of the compound. BCP-2CF; and BCP were employed
as EBLs in BH]J solar cells with a low bandgap polymer poly[N-9”-
hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thien-yl-2',1’,3'-benzo-
thiadiazole)] (PCDTBT) as the donor and [6,6]phenyl-Ce;-butyric
acid methyl ester (PC¢;BM) as the acceptor. The device efficiency
and stability were investigated to gain an understanding of the
relationships between the EBL molecular structure, EBL properties
and solar cell device performance.

2. Results and discussion
2.1 Synthesis

BCP-2CF; was synthesized according to our previous synthetic
method that allows for straightforward access to new BCP
compounds.*® A one-step Suzuki-coupling reaction under microwave
conditions between commercially available 1,5-ditrifluoromethane-3-
phenyl boronic acid and 4,7-dibromo-2,9-dimethyl-1,10-phenan-
throline (5)°® allowed the synthesis of the new molecule 6 in
70% yield (Scheme 1). The crude products were purified by silica
column chromatography eluted with ethyl acetate to obtain off-
white crystalline solids. The starting material 5 was synthesized
following a procedure reported in the literature.”® The reaction
started with o-phenylenediamine (1), which was mixed with
3-hydroxybut-2-enoate (2) and phosphorous pentoxide at room

EtQ OEt

Br, Br
7\ / \ —_>
N —/ \

5

Scheme 1 Synthetic routes of BCP-2CFs: (i) o-phenylenediamine (
(2)-ethyl-3-hydroxybut-2-enoate (2), and P,Os, 20 mbar, room temperature,
3 weeks, 37%; (i) (2E,2'E)-diethyl-3,3’-(1,2-phenylenebis(azanediyl)bis(but-
enoate) (3), diphenyl ether, reflux, argon, 30 min, 57%; (i) 2,9-dimethyl-
1,10-phenanthroline-4,7(1H,10H)-dione (4), phosphoryl bromide, argon,
80 °C, 6 h, 53%; (iv) 4,7-dibromo-2,9-dimethyl-1,10-phenanthroline (5),
3,5-bis(trifluoromethyl)phenylboronic acid, dioxane, water, potassium carbonate,
tetrakis(triphenylphosphine)palladium(0), 130 °C, 2 h, microwave, 70%.
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temperature under reduced pressure in a desiccator for three
weeks. Compound 3 was slowly formed under these conditions
in 37% yield as an orange oil. After that, intramolecular self-
cyclization of 3 was performed in diphenylether under reflux for
30 minutes to produce 4 as a light-brown powder, which was
used directly for the next reaction step without purification. To
obtain compound 5, a mixture of phosphoryl bromide and 4 was
heated under argon at 80 °C for 6 hours. The product was purified
by column chromatography to give an off-white solid in 53% yield.

2.2 Optical and electrochemical characterization

The UV-Vis absorption spectra of BCP and BCP-2CF; solution
are shown in Fig. 1. Relevant data are presented in Table 1.
Both materials exhibited very narrow absorption bands from
220 nm to 300 nm in the UV region of the solar emission, which
is typically found for 1,10-phenanthroline derivatives.>” Since
these EBLs are transparent in the visible region, they have
almost no impact on the sunlight absorbed and photocurrent
generated by the active layer.

The electrochemical properties of BCP and BCP-2CF; were
studied by cyclic voltammetry (CV). The lowest unoccupied
molecular orbital (LUMO) levels were measured directly from
the reduction potentials (Fig. S1 in the ESIt). Because of the
large bandgaps, the oxidation waves were beyond the stability
window of the solvent used. The HOMO levels were estimated
from the optical bandgaps according to the following equations.

HOMOP* = LUMO — Eg™* (eV)

The LUMOs are much higher than the work function of
commonly used electrode metals (Al, Ag and Au), making those
EBLs plausible insulators to electrons if sandwiched between
the active layer and the cathode in an OPV. However, it has been
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Fig. 1 UV-Vis absorption spectra of BCP and BCP-2CFz solution dissolved
in dichloromethane.

Table 1 Optical and electrochemical properties of BCP and BCP-2CFs

Material  Zmax [DM] Aonsec [nm] EgP* [eV] HOMO®P [eV] LUMO [eV]
BCP 277 340 3.65 —6.61 —2.95
BCP-2CF; 239 333 3.73 —6.77 —3.06
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proven that BCP is able to extract and transport electrons via defect
states introduced by metal cathode deposition.****>%°° Compared
with BCP, the HOMO and LUMO of BCP-2CF; are simultaneously
lowered due to the electron-withdrawing ability of CFj, resulting
in an almost unchanged bandgap. Since the HOMOs are deep
enough to block holes, a small variation in the HOMO position
(0.16 eV) is expected to have only a minor impact on the final
OPV device performance.

2.3 Device performance measurement

The solar cell structure is illustrated in Fig. 2. The current density-
voltage (/-V) characteristics of the devices were determined in an
atmosphere of nitrogen under 100 mW cm > AM 1.5 G solar
illumination. The results are presented in Fig. 3 and Table 2.
BCP and BCP-2CF; are well comparable in regard to the PCE
enhancement. In the presence of an EBL, OPVs demonstrate
substantial improvement in open-circuit voltage (Voc), short-
circuit current (Js¢), and fill factor (FF), which are the concerted
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Fig. 2 PCDTBT:PCgBM BHJ solar cells with BCP or BCP-2CF3 as an EBL:
(a) device structure, (b) energy level diagram and (c) molecular structures.
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Fig. 3 Current density versus voltage (J-V) characteristics of solar cells
with and without an EBL under 100 mW cm™ AM 1.5 G illumination.
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Table 2 Performance of solar cells with and without an EBL under
100 mW cm~2 AM 1.5G illumination

Device Voc [V] Jsc [mA cm™?] FF PCE* [%]
Without EBL 0.72 7.9 0.55 3.3£03
BCP 0.83 8.6 0.58 4.3 £0.2
BCP-2CF; 0.81 9.0 0.60 4.6 £ 0.2

“ The error bar of PCE is the absolute error over 20 pieces of devices
(120 cells, 6 cells per piece).

effects of two factors. One is the decreased contact resistance
between the photoactive layer and the metal cathode, while the
other is the suppressed quenching of excitons and holes. It
should be noted that the enhancement degrees of the device
parameters Jsc, FF and V¢ are in a similar range of ca. 10%.
The Vo is at the same level for all devices with an EBL (ca. 0.83 V)
and comparable to the values found for other PCDTBT:PC4;BM
OPV devices with TiOy as a cathode buffer layer.®! This is in line
with the previous studies showing that Vo can be essentially
estimated by the energy offset between the acceptor LUMO and the
donor HOMO®* under the premise of ohmic contact formation in
organic/electrode contacts.

2.4 Device stability and degradation

In addition to PCE, stability or lifetime is another key para-
meter for a solar cell device. A deep understanding of the
degradation mechanism is helpful to extend the lifetime of
OPV devices. The most conventional way to assess the stability
of OPVs is performed by studying the decrease of PCE as a
function of degradation time under solar irradiation. As polymer
solar cells become more and more stable, it may be time-
consuming to monitor the decay process of OPV devices during
the whole lifetime under normal working conditions. An
accepted method applied is to accelerate the degradation by
increasing the temperature or another parameter that influences
the lifetime. In this study, the degradation behavior of devices with
and without an EBL was investigated under various conditions: in
the dark at room temperature (RT), under illumination and
thermal annealing. Note that all stability tests were conducted
in a nitrogen-filled glove-box (O, < 0.5 ppm, H,O < 0.1 ppm).
In other words, the devices stored inside the glove-box can be
regarded as well encapsulated.

The study of stability in the dark and under illumination was
conducted by employing the same batch of solar cell devices.
About 12% losses of their original efficiencies were determined
after 6 months in the dark as shown in Fig. 4a. Organic solar
cells decay even if kept away from oxygen, light and heat.**%*
The degradation of encapsulated PCDTBT:PCs;BM cells was
also reported earlier by Heeger® (with a drop in PCE from 6.1%
to 5.8% after 35 days). After 72 hours under illumination
(80 mW cm ™ ? AM 1.5G), OPVs suffered from further deterioration
of performance. Devices with an EBL retained about 70% of the
initial PCEs, which was slightly higher than that of the reference
cell without an EBL (Fig. 4b and Table 3). One reason for the
degradation in the dark and under illumination can be attributed
to the morphology change of the nanoscale donor-acceptor (D-A)

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Degradation of solar cells with and without an EBL in nitrogen
atmosphere (a) in dark for 6 months and (b)? under illumination (80 mW cm™2
AM 15G). ?The aging under illumination (b) is performed with the same
samples as in (@) which had been measured before in the dark for
6 months. The starting points of PCEs in (b) are the degraded values after
6 months in dark.

Table 3 Degradation of solar cells with and without an EBL

Normalized PCE? (%)

After 6 months After 72 hours under

Devices As-prepared in dark illumination (80 mW cm™?)
Without EBL 100.0 88.4 + 3.5 65.9 + 6.6
BCP 100.0 88.6 £ 4.5 69.7 £ 7.5
BCP-2CF; 100.0 88.4 £ 4.0 71.7 £ 6.8

“ The error bar of normalized PCE is the absolute error over 60 pixels.

interpenetrating network. It was found that the PCBM gradually
aggregates and grows larger over time especially at elevated
temperature.®®

Thermal annealing was conducted to accelerate the aging
rate of OPVs. The devices were heated from RT to gradually
increasing temperatures of 80 °C, 100 °C and 120 °C. The
annealing duration was 30 min for each temperature. The
device performance was recorded and is displayed in Fig. 5.
The control device experienced slight and continuous degradation,
which is in line with the degradation found in the literature.®®
About 7% decrease in PCE was detected after annealing at 120 °C.
On the other hand, devices containing an EBL demonstrated
dramatic losses of the initial PCEs at different temperatures:

120 120
S 100l a— 3 100/ 80— w
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Fig. 5 Performance of solar cells with and without an EBL after thermal
annealing at different temperatures: variations of PCE, V¢, Jsc and FF.
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94% for BCP at 100 °C, and 37% for BCP-2CF; at 120 °C. In
comparison with the reference cell, the striking variations
should stem from the EBLs. To develop a deeper understanding
of the degradation mechanism of OPVs with a BCP-based EBL,
the morphology changes of both the PCDTBT:PC61BM BH] film
and the EBLs during thermal treatment will be investigated in
the following section.

The preparation of the BH]J film for the morphology study
was identical to the one applied for the OPV fabrication except
using the metal electrode. ‘“‘Semi-finished solar cells” without
the Al cathode (ITO/PEDOT:PSS/BH]) were fabricated. After
annealing in a nitrogen atmosphere, the surface structure of
the BHJ film was studied by atomic force microscopy (AFM) in
air. The AFM images with a scanning area of 5 x 5 um® as well
as the root-mean-square (rms) roughness data are displayed in
Fig. S2 (ESIt). At RT the BH] film featured a homogeneous
distribution of the donor and acceptor components, with an
rms of 0.457 nm. By thermal treatment, the BHJ morphology
was not greatly changed, which explained the slight variation in
the PCE of the reference cell without an EBL.

As for EBL films, the AFM measurement procedure was the
same except for the film preparation. The films were prepared
in two different ways. The first procedure adopted the “Semi-
finished solar cells” concept just mentioned above to fabricate
ITO/PEDOT:PSS/BH]J/EBL (BHJ/EBL for short), from which the
evolution of an EBL in a solar cell structure would be observed.
In the second protocol EBL compounds were sublimed directly
on Si wafers (Si/EBL) to focus on the individual EBL layer.

The AFM phase images of BCP are shown in Fig. 6, while the
height images with roughness analysis are presented in Fig. S3
(ESIt). BCP revealed a propensity to aggregation. At room
temperature, a BCP thin film on a Si substrate was not homo-
geneous but like a net with some small dents featuring an rms
of 4.2 nm. After heating at 80 °C for 30 min, protruding islands
of BCP aggregates were formed, which brought a distinct
increase in rms to 18.2 nm. When annealed at higher temperatures
no big differences were observed.

Without annealing, a BHJ/BCP film showed an rms of
7.0 nm, which was mainly contributed by the BCP layer, since
the BH]J sublayer was homogeneous (Fig. S2, ESIT). At 80 °C the
crystallization of BCP slightly enhanced the rms from 7.0 nm
to 8.3 nm, which might explain the almost unchanged solar
cell performance. The same trend was found for the surface
roughness of BCP EBL.** At 100 °C, the BCP layer was expected
to undergo vital changes judging from the noticeable device
degradation. As a matter of fact, the BCP aggregates seemed to
disappear and were difficult to be distinguished by blurred
contour profiles and finally led to a 75% reduction in rms. This
suggested a gradual “embedding” of the BCP aggregates into
the lower heterojunction layer. When the temperature was
increased to 120 °C, BCP domains further “embedded” and
vanished from the surface. The “embedding” or diffusion of EBL
into the BHJ active layer would bring three main disadvantages as
follows. Firstly, the surface contact of EBL/Al might be deteriorated,
leading to some damage to the ohmic contact at the interface.
Secondly, the bicontinuous D-A interpenetrating network might

J. Mater. Chem. C, 2016, 4, 4640-4646 | 4643
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Fig. 6 AFM phase images of BCP layers before and after thermal annealing
at different temperatures: (a) phase images of Si/BCP, (b) phase images of
BHJ/BCP and (c) rms roughness of Si/BCP and BHJ/BCP.

be broken, unfavorable for charge carrier transport. Finally, the
anode ITO and the cathode Al might be short-circuited, turning
the OPV device into a resistance. These disadvantages were
translated into the deteriorations in Voc, Jsc, FF and ultimately
device efficiency (see Fig. S5, ESIT).

From Fig. 7 and Fig. S4 (ESI}), it can be seen that the
evolution process of BCP-2CF; was different from that of BCP.
The film on Si was homogeneous even at 100 °C. This marked
difference in appearance could be explained by the molecular
structure. Two perfluoromethyl groups on the same phenyl ring
of BCP-2CF; introduced steric hindrance to intermolecular
stacking and thus led to aggregates of smaller size and smoother
film morphology. When heated up to 120 °C BCP-2CF; aggregated.
However, the aggregation of BCP-2CF; was not observed in the
case of the BHJ/BCP-2CF; device structure. This might be due to
the concurrence of aggregation and the “embedding”’ processes.
As a result, the degradation of the OPV device with BCP-2CF; at
120 °C could be understood despite no apparent change in the
EBL morphology.

Based on the AFM results, it is obvious that BCP-2CF;
demonstrated better durability to heat than BCP. For further
confirmation, the thermal properties of BCP and BCP-2CF;
were investigated by differential scanning calorimetry (DSC).
BCP possesses a glass transition point (Ty) of 89 °C, lower than
that of BCP-2CF; (153 °C, Fig. S6, ESIT), which is in accordance
with the phenomena observed in AFM analysis.

By comparing BCP and BCP-2CF;, it can be found that the
incorporation of trifluoromethyl functional groups resulted in a
higher T, and hence a more stable amorphous phase, which are
two important factors contributing to the extended lifetime
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Fig. 7 AFM phase images of BCP-2CFs layers before and after thermal
annealing at different temperatures: (a) phase images of Si/BCP-2CFs, (b)
phase images of BHJ/BCP-2CF5 and (c) rms roughness of Si/BCP-2CF3
and BHJ/BCP-2CFs.

performance of BCP-2CF3 based OPVs during annealing at
temperatures higher than 80 °C. The improved thermal stability
of BCP-2CF; makes it promising to survive under severe operation
conditions in real-life application.

3. Conclusions

In summary, a new BCP derivative, BCP-2CF;, was synthesized
and characterized. The suitability of BCP and BCP-2CF; as EBL
materials was investigated based on PCDTBT:PC¢BM solar
cells. BCP-2CF; enhanced the solar cell efficiency by 39%,
followed by BCP (30%), as compared to the reference cell
without an EBL. Solar cells with an EBL demonstrated comparable
stability to the control device under heat treatments below 80 °C if
well encapsulated. However, when annealed at a higher temperature
of 100 °C, OPVs containing BCP degraded while those with BCP-2CF;
survived intact. During annealing, the aggregation of EBLs and the
diffusion of EBL materials into a donor:acceptor BHJ layer were
believed to be the main reasons for degradation. In comparison with
BCP, BCP-2CF; with a higher T,, and better morphological stability is
a more competent EBL candidate.

4. Experimental
4.1 Ultraviolet-visible absorption (UV-Vis)

UV-Vis spectra were measured on a UV-Vis spectrophotometer
(Perkin Elmer Lambda 900). The concentration of solutions was
10~° M in dichloromethane (DCM).

This journal is © The Royal Society of Chemistry 2016
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4.2 Cyclic voltammetry (CV)

The CV measurement was performed on an EG&G Princeton
Applied Research potentiostat, model 273. The working electrode
consisted of an inlaid platinum disk (1.5 mm diameter) that was
polished on a felt pad with 0.05 pm alumina and sonicated in
milli-Q water for 5 min before each measurement. A platinum wire
was used as the counter electrode and an Ag wire was used as
the reference electrode internally calibrated with ferrocene/
ferrocenium (Fc/Fc'). The three electrodes were dipped into a
mixed solution of tetrabutylammonium hexafluorophosphate
(BuyNPFg, 0.1 M) and the compound to be measured (0.001 M)
in dry DCM. The CV measurements were carried out with a scan
rate of 50 mV s~ ' at room temperature under argon.

4.3 Device fabrication and characterization

In this study, BHJ solar cells were fabricated on indium tin
oxide (ITO) coated glass substrates with a sheet resistance of
ca. 20 Q [0~ (Kintec Company). The substrates were first cleaned
with isopropanol in an ultrasonic bath for 10 min; the procedure
was repeated 3 times, followed by oxygen plasma cleaning
for 10 min. A layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, Aldrich) was spin-cast at
5000 rpm for 60 s. After that, the substrate was heated at 140 °C
for 10 min in air and then was moved into a nitrogen glove-box.
A mixture of PCDTBT (1 Material) and PC¢;BM (American Dye
Source, Inc.) was spin-coated onto the PEDOT:PSS layer at a
speed of 1300 rpm for 120 s. The blended solution was prepared
with PCDTBT: PC4;BM (6 : 24 mg) dissolved in 1 ml of a mixture
of chlorobenzene: 1,2-dichlorobenzene (0.25:0.75 ml) and
stirred on a heating plate at 80 °C for overnight. After spin-
coating of the active layer, the substrates were left inside the
glove-box for 8-12 hours. A 5 nm-thick EBL (BCP or BCP-2CF3)
was deposited on top of the active layer through a mask by
thermal sublimation (0.1-0.2 nm s~ " at a pressure lower than
5 x 10~ ® mbar). Finally, a 100 nm Al cathode was evaporated as
the cathode (0.1 nm s~ ' at a pressure lower than 5 x 10~® mbar).
The current density-voltage (/-V) characteristics of the devices
were recorded in an ambient atmosphere of nitrogen under
100 mW cm > AM 1.5 G solar illumination (Lichttechnik, Germany).

4.4 Atomic force microscopy (AFM)

AFM was performed using a Veeco Multimode (Dimension
3100). The cantilever was produced by Olympus, with type
number OMCLAC 160 TS-W2 silicon.

4.5 Differential scanning calorimetry (DSC)

DSC measurement was performed on a Mettler DSC 30 at a
heating/cooling rate of 10 °C min™" in nitrogen.
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