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Perylene monoimide (PMI) based non-fullerene acceptors are an interesting alternative to perylene
diimide acceptors in organic photovoltaics due to an open substitution side allowing chemical
modifications of the molecule. In addition, this offers the possibility to twist the molecule to avoid
pronounced n—7 stacking. At the same time, the good solubility and the well-suited optical properties
are maintained. This work provides a new perspective of perylenes using PMI-linker-PMI based
acceptors in which the linker is composed of different fluorene derivatives to investigate the influence of
heteroatoms on the optical and electronic properties. The three compounds PMI-F-PMI, PMI-FSi-PMI
and PMI-FN-PMI were synthesized using a fluorene (F), silafluorene (FSi) and carbazole (FN) linker,
respectively, characterized regarding optical, structural and electronic properties and implemented in
solar cells using PBDB-T as donor material. The influence of the donor/acceptor ratio as well as thermal
annealing on the solar cell properties were studied and maximum device efficiencies of 5.16% and high
photovoltages up to 1.14 V were obtained for all three acceptors. Moreover, the solar cells display
reasonable stability in inert conditions as is exemplified by maximum power point tracking experiments

rsc.li/materials-advances under continuous illumination.

Introduction

Bulk heterojunction organic solar cells offer various advantages
over conventional photovoltaic technologies such as light weight,
flexibility and easy continuous roll-to-roll processability."” This
opens up a broad range of possible commercial applications in
the future in the areas of building integrated photovoltaics,
mobility, consumer goods and more. Within the era of polymer/
fullerene solar cells, a large part of the research was focused on
the design of various donor materials to optimize the power
output leading to maximum device efficiencies of around 10%.>*
However, fullerene derivatives suffer from low absorption in the
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visible range, aggregation in blend films and high production
costs and thus ushered a new era of materials, the so called
non-fullerene acceptors (NFAs) or small molecule acceptors
(SMAs).>””” This new material class offers several advantages
such as tunable HOMO/LUMO levels and spectral adjustments
by molecular design as well as higher stability in many
cases.** Implemented in bulk heterojunction solar cells,
device efficiencies of 16% were already reached with various
donor/acceptor material combinations using the SMAs BTP-
4X" and Y6."*7'® Recently, PCE values of 17.35% have been
reported."”

Among the broad variety of different structures, NFAs based
on perylenes have been in the focus since the beginning of
organic solar cell research and were used in the first organic
heterojunction solar cell by C. W. Tang back in 1986."® So far,
mainly perylene diimides (PDI), substituted at the bay position
were investigated as NFAs in solar cells."®>® The major issue
of PDIs is their pronounced agglomeration, which leads to
large crystallites within the blend and hence low device
performance.’®® To tackle this issue, twisting the PDI is
necessary by introducing side groups or by ring fusion.”**°
Following these strategies, recently maximum device efficien-
cies of 10% were reached with PDI based acceptors.>*"3
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A very interesting approach is to link two perylene mono-
imides (PMI) by a conjugated linker, to form a perylene-linker-
perylene triad structure (compare Scheme 1, e.g. using alkinyl,
thiophene or fluorene linkers).**® In the case of electron rich
linkers, this results in an acceptor-donor-acceptor structure,
a structure realized in most of the high efficient NFAs such as
Y6 or BTP-4X. Recently, Zhang et al. demonstrated that a simple
fluorene linker, combined with perylene monoimide electron
withdrawing groups, reaches in combination with PTZ1 PCEs
up to 6%.7%

Although the efficiencies are moderate, extremely high open
circuit voltages of 1.32 V were reached due to the high lying
LUMO level of PMI-F-PMI.’®

These high Vo values inspired us to investigate this type of
NFAs in more detail. Therefore, this study compares a PMI-
fluorene-PMI-acceptor molecule with its carbazole and sila-
fluorene analogues in order to investigate the influence of the
heteroatom in the fluorene-based core. Their optical, structural
and electronic properties were thoroughly characterized and
additionally supported by density functional theory (DFT) cal-
culations. Moreover, all three compounds were evaluated in
bulk heterojunction solar cells using PBDB-T as donor polymer
in an inverted device setup.

Results and discussion

The PMI-aryl-PMI NFAs were synthesized as outlined in
Scheme 1. The key step for the synthesis of these compounds
was a Suzuki coupling reaction, using commercially available
diboronic acid esters of the corresponding linker molecules
and perylene monoimide bromide to give in the case of the
fluorene linker the compound PMI-F-PMI (3a), of the silafluorene
linker PMI-FSi-PMI (3b) and of the carbazole linker PMI-FN-PMI
(3¢). Pd(PPh;), and aqueous K,COj; in refluxing toluene were used
as standard coupling conditions. A detailed synthesis procedure is
given in the ESL¥

The structures were verified by *H- and **C-NMR spectroscopy
and MALDI-TOF mass spectrometry and are shown in the ESL¥
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Scheme 1 Synthesis of perylene-linker-perylene NFAs 3a—c.
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Owing to the long alkyl side chains, all three synthesized
compounds exhibited good solubility in common organic
solvents such as dichloromethane, chloroform, chlorobenzene
(CB) or dichlorobenzene. Furthermore, all compounds demon-
strated excellent thermal stability. The decomposition tempera-
tures (TGA, see Fig. S10, ESI{) of PMI-F-PMI, PMI-FSi-PMI and
PMI-FN-PMI are 441 °C, 471 °C and 465 °C, respectively. The
minor mass loss of up to 3% in the PMI-FSi-PMI sample below
400 °C can be assigned to low amounts of residual solvent in
the sample.

Computations

Density functional theory (DFT) computations were conducted
in order to analyze the influence of the heteroatom on the
structure as well as on the optical and electrical properties. The
ground state geometries were optimized and the obtained
minima were verified by frequencies calculations (B3LYP/
6-31G*/Gaussian 09).>° A representation of the results is shown
for all three compounds 3a-c in Fig. S11 (ESIt). In all three
cases a twist between the fluorene-type linker and the PMI units
is observed with a similar dihedral angle of approximately 55°
between the PMI and linker moieties. The frontier molecular
orbitals of all three compounds are essentially isolobal. In
the HOMO, the electron density is distributed alongside the
perylene backbone and fluorene, whereas in the LUMO the
electron density is shifted towards the perylene backbone
(Fig. 1). The nodal plane passes through the imide in the
HOMO and LUMO orbitals, thus the imide substitution should
not influence spectral and electrochemical properties of the
molecule. However, due to the bulky isopropyl groups, the phenyl
substituent on the imide moiety is oriented perpendicularly to
the rest of the molecule. This as well as the aliphatic side chain
on the central linker moiety suppress the aggregation of the
molecule and increases the solubility. The HOMO and LUMO
energy levels of PMI-F-PMI (3a) are predicted to be —5.42 and
—2.88 eV, respectively (bandgap 2.54 eV). The silafluorene (3b)
and carbazole (3c) based NFAs have values nearly identical to
PMI-F-PMI (see Table 1).

Optical and electronic properties

UV-Vis absorption spectra of the synthesized NFAs (PMI-F-PMI,
PMI-FSi-PMI and PMI-FN-PMI) were compared to those of the
monomeric PMI compounds PMI-Br (2) as well as PMI-H
(without bromide) in chloroform solution and are depicted in
Fig. 2A. In solution, PMI-H and PMI-Br (2) exhibit two absorp-
tion peaks whereas all three acceptors 3a-c have less resolved
absorption peaks. Due to the increased n-system of the linked
molecules, the absorption spectra are 19 nm redshifted com-
pared to PMI-Br (Table 2). This was also reported by Y. Zhang
et al. for PMI-F-PML>’ Absorption spectra of thin films on glass
substrates of PMI-F-PMI, PMI-FSi-PMI, PMI-FN-PMI (see
Fig. 2B) are broadened compared to their spectra in solution
which is due to n-m stacking.

The molar absorption coefficients (in solution) for all com-
pounds were calculated. Herein, the linked molecules, contain-
ing two PMI units, show almost three times higher values of the

This journal is © The Royal Society of Chemistry 2020
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Fig.1 DFT (B3LYP/6-31G*) — molecular geometries and the frontier molecular orbitals of PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-PMI (3c).

Table 1 DFT (B3LYP/6-31G*) characteristics of PMI-F-PMI (3a), PMI-FSi-
PMI (3b) and PMI-FN-PMI (3c)

Material HOMOPFT (ev) LUMOPFT (ev) Eg"T (eV)
PMI-F-PMI —5.42 —2.88 2.54
PMI-FSi-PMI —5.44 —2.88 2.56
PMI-FN-PMI —5.40 -2.86 2.54

absorption coefficient (8.9-9.0 x 10* M~ ecm™') compared
to the starting materials (3.3 x 10* M~ " cm™'). This can be
ascribed to the extended n-system within the molecules 3a-c.

All compounds show fluorescence in solution (chloroform)
with a Stokes shift of 57 nm, 55 nm and 65 nm and nearly
identical fluorescence quantum yields to be 0.74, 0.74 and
0.72 for PMI-F-PMI, PMI-FSI-PMI and PMI-FN-PMI, respectively
(Fig. S12, ESIt and Table 2). These values are only slightly
lower than those of the PMI-H and PMI-Br (0.81 and 0.86
respectively), indicating that the introduction of the linker
with long alkyl side chains does not result in a large increase
of (unfavorable) non-radiative relaxation pathways from the
excited state.

A 10 ——PMI-H
. ——— PMI-Br
—— PMI-F-PMI
084 | —— PMI-FN-PMI
—— PMI-FSi-PMI

0.6

0.4

Absorption (norm.)

0.2

Furthermore, fluorescence excitation and emission scans
of the acceptor thin films were performed under ambient
conditions (Fig. 3). The optical band gap energies were deter-
mined from the intersection between the excitation and emis-
sion spectra, since this method is less sensitive to scattering
effects compared to the commonly used method of determining
the optical band gap from the onset of the absorption spectrum.*’
The small inset in Fig. 3 depicts an enlarged view of the
intersection region around 600 nm and shows that the excita-
tion and emission spectra intersect at 601, 602 and 601 nm
for PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI, respectively.
This translates to an optical band gap of 2.06 eV for all three
materials (Table 2).

In addition to the optical bandgap, the electrochemical
bandgap was investigated performing cyclic voltammetry (CV)
measurements on drop-casted films of PMI-F-PMI, PMI-FSi-PMI
and PMI-FN-PMI, as well as of the donor polymer PBDB-T.
The oxidation and reduction onsets were determined from CV
measurements as shown in Fig. S13 (ESIT). HOMO and LUMO
energy levels of the investigated materials were calculated
according to the equations described in the experimental

—— PMI-F-PMI
—— PMI-FSi-PMI
—— PMI-FN-PMI
| ——PBDB-T

o

o
o

0.6

0.4

Absorption (norm.)
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Fig. 2
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300 400 500 600 700 800

Wavelength (nm)

(A) Optical absorption spectra of PMI, PMI-Br (2), PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-PMI (3c) in solution (chloroform); (B) thin film

absorption spectra of PMI-F-PMI (3a), PMI-FSi-PMI (3b), PMI-FN-PMI (3c) and PBDB-T.
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Table 2 Optical and electrical characteristics of PMI, PMI-Br (2), PMI-F-PMI (3a), PMI-FSi-PMI (3b) and PMI-FN-PMI (3c)

;Lmax,sol. ;Lonset (sol.) jvmax,[ﬂuor.,sol.] & )~max,film HOMOC LUMO[ He_FET (Saturation) He_FET (linear)
Material (nm)  (nm) (nm o By (V) M 'em ™) (nm) (eV) (eV) (em®*v s (em®*v's™)
PMI 485 539 539 0.81 2.30° 3.3 x 10* — — — — —
PMI-Br 511 541 541 0.86 2.29° 3.3 x 10" — — — — —
PMI-F-PMI 530 575 587 0.74 2.16“/2.06b 9.0 x 10* 516 —6.12 -3.93 24x10* 1.9 x 1074
PMI-FSi-PMI 530 573 585 0.74 2.16%2.06° 8.9 x 10° 523 —-6.12 —3.97 13 x107* 1.1 x 107*
PMI-FN-PMI 530 576 595 0.72 2.16“/2.06}’ 8.8 x 10* 536 —6.16 -394 1.6x10* 1.2 x 1074

“ Solution. ? Thin film. ¢ Determined by CV.

1.00 4
1% 4 1.00
I’ \\ -
- ] ] ~\ E
€ ) Wy £
S 1 AN o
2 / W £
g ™ /" N Hors 2
] \ -5;
E‘ ! A = c
e W Qo
£ 050 W IS
= W Jos50 @
S \\h GC)
% A\NN 8
3] RN 8
X 0251 N lozs &
—— PMI-FN-PMI T
59 Wasggnglhe(?\sm) et / e PMI-F-PMI
/ —— PMI-FSi-PMI
0.00 T 1 T T T T T 0.00
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 3 Normalized fluorescence excitation (solid lines) and emission
(dashed lines) spectra of the PMI-X-PMI compounds in CHCl3 solution.

section and the results are depicted in Table 2. The electro-
chemical measurements suggest only minor differences
between the respective HOMO and LUMO levels of the newly
synthesized acceptor materials, which is supported by almost
identical optical properties observed in absorbance and fluores-
cence measurements. Electrochemical bandgaps of 2.19, 2.15
and 2.22 eV were obtained for PMI-F-PMI, PMI-FSi-PMI and
PMI-FN-PMI respectively, which are in good agreement with the
reported electrochemical bandgap of PMI-F-PMI in literature.>®

For the investigation of the performance of PMI-F-PMI,
PMI-FSi-PMI and PMI-FN-PMI in solar cells, PBDB-T was
selected as donor material due to its optoelectronic properties,
which fit well to the three synthesized NFAs, as well as due to its
good solubility and processability.* The chemical structure of
PBDB-T is shown in Scheme 2. A HOMO level of —5.89 eV and a
LUMO level of —3.45 eV were determined from CV measure-
ments of PBDB-T. These values result in a HOMO energy level
offset of approximately 0.25 eV and a LUMO level offset
of around 0.5 eV compared to the energy levels of PMI-F-PMI,
PMI-FSi-PMI and PMI-FN-PMI.

In order to investigate the electronic properties of the newly
synthesized acceptor materials, organic field effect transistors
were fabricated with PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI
in a bottom-gate, top-contact geometry as shown in Fig. S14
(ESIT). The electron mobilities in the linear and saturation
regime were extracted from OFET transfer characteristic mea-
surements. The measurements are shown in Fig. S15 (ESIT) and

2098 | Mater. Adv., 2020, 1, 2095-2106

Scheme 2 Structure of the conjugated polymer PBDB-T.

the determined electron mobilities are presented in Table 2.
All three acceptors exhibit similar values of OFET electron
mobility in the range of low 10™* em®> V™' 57,

Crystallization properties and molecular packing

In a next step, we performed grazing incidence wide angle X-ray
scattering (GIWAXS) measurements to study the crystallinity and
molecular packing of the synthesized compounds. Fig. 4 shows
the 2D-GIWAXS patterns of pristine PMI-F-PMI, PMI-FSi-PMI and
PMI-FN-PMI thin films. In the GIWAXS images of the samples
without annealing as well as in the corresponding line cuts in
in-plane and out-of-plane direction (Fig. 4A-D) only weak features
are visible. After annealing of the films at 150 °C, the crystallinity
and order of the molecules is enhanced and more distinct signals
are revealed (see Fig. 4E-H), which are most pronounced for
PMI-FSi-PMI. This sample shows diffraction peaks at 2.6 and
4.1 nm ™" in the in-plane direction, which correlates to distances
of 24 and 1.5 nm and suggests a two-dimensional order.
Moreover, these peaks in the in-plane direction are characteristic
for a preferential face-on orientation with respect to the substrate.
The signal at 17.9 nm ™" in out-of-plane direction corresponds to a
d-spacing of 0.35 nm, which indicates n—-n stacking. Due to the
fact that also for the PMI-F-PMI and PMI-FN-PMI films a broad
diffraction peak around 4 nm ™" in in-plane direction is observed,
we also assume a preferential, disordered face-on orientation
in these samples. However, no pronounced crystallization of the
investigated NFAs is suggested by the GIWAXS data.

The GIWAXS images of pristine PBDB-T films without and
with annealing are depicted in Fig. S16 (ESIf). According to

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 2D GIWAXS patterns of: (A) PMI-F-PMI (3a), (B) PMI-FSi-PMI (3b) and (C) PMI-FN-PMI (3c) w/o annealing and (E) PMI-F-PMI (3a), (F) PMI-FSi-PMI
(3b) and (G) PMI-FN-PMI (3c) w. annealing. (D and H) The corresponding 1D line cuts in in-plane (IP) and out-of-plane (OOP) direction. The scattering

profiles are shifted vertically for better visibility.

previous reports in the literature,*"** the GIWAXS images
reveal a typical pattern for preferential face-on orientation.
The most pronounced features are a diffraction peak in the
out-of-plane direction at 17.0 nm™", corresponding to a m-n
stacking distance of 0.37 nm and a lamellar diffraction peak at
2.85 nm " in in-plane direction corresponding to a lamellar
d-spacing of 2.2 nm.

In the blend films of PBDB-T and the investigated NFAs
(Fig. 5), the signals stemming from the individual components
are combined in the GIWAXS patterns, which indicates that the
preferential face-on orientation found for the pristine materials
is also present in the blend. The features of the conjugated

PBDB-T/PMI-F-PMI
(annealed)

PBDB-T/PMI-FSi-PMI

(annealed)
B C

q (nm-)
. (nm-)
q. (hm)
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polymer are in in-plane direction overlapped by the lamellar
diffraction peaks of the NFAs which can be particularly recog-
nized at ¢ = 4.1 nm™ . The relative intensity of this diffraction
peak is the highest in the PBDB-T/PMI-FSi-PMI film, followed
by the PMI-F-PMI containing blend film, which is in line with
the results from the pristine NFA films where the crystallinity
also decreased from PMI-FSi-PMI to PMI-F-PMI to PMI-FN-PMI.
In the out-of-plane direction, the diffraction peak at 17.5 nm ™"
is more pronounced in all three blend films compared to the
pattern of the pristine polymer and the maximum is slightly
shifted towards higher g-values due to an overlap of the peaks
of both components of the blend.

PBDB-T/PMI-FN-PMI
(annealed)

PBDB-T/PMI-FN-PMI annealed —— OQOP ----- P
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Fig. 5 2D-GIWAXS patterns of donor/acceptor blends with a ratio of 1/1 for: (A) PMI-F-PMI (3a), (B) PMI-FSi-PMI (3b) and (C) PMI-FN-PMI (3c) w.
annealing and (D) 1D-line cuts in the in-plane (IP) and out-of-plane (OOP) directions. The scattering profiles are shifted vertically for better visibility.
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Photovoltaic performance

Solar cells with the three synthesized NFAs - PMI-F-PMI, PMI-
FSi-PMI and PMI-FN-PMI - were fabricated using an inverted
device architecture - glass/ITO/ZnO/absorber/MoOs/Ag (Fig. 6A).

The donor/acceptor (D/A) blends were mixed in CB and spin
coated at 70 °C in a two-step spin coating process to form a
homogenous film. Solar cells with different D/A ratios of 1/0.66,
1/1 and 1/1.5 (w/w) were fabricated and their influence on solar
cell performance was investigated. Herein, solar cells with a D/A
ratio of 1/0.66 showed the highest power conversion efficiencies
of 3.48%, 3.06% and 3.46% for PMI-F-PMI, PMI-FSi-PMI and
PMI-FN-PMI, respectively (Table 3). For all solar cells, high Vics
between 1.05 and 1.10 V were obtained.

In addition, the respective J-V curves and the characteristic
parameters of solar cells with D/A ratios of 1/1 and 1/1.5 are
summarized in the ESIt (Fig. S17A, B and Table S2). It should be
noted that upon increasing the ratio of the acceptor, a decreased
current density and fill factor are the main cause for the decrease in
device performance, which can be ascribed to an unbalanced charge
transport and the slightly thicker absorber layers in these solar cells.

To further increase the device performance, the absorber
layers with a D/A ratio of 1/0.66 were thermally annealed
directly after spin coating. Two annealing temperatures
(135 and 150 °C, annealing time: 5 min) were chosen, as the
glass transition temperature of PBDB-T was found to be in the

Ag
MoO,

Absorber
Zn0O

Glass/ITO

Fig. 6
The HOMO/LUMO levels were determined by cyclic voltammetry.
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range of 145 °C (the corresponding DSC data are plotted in
Fig. S18, ESIt). Indeed, using such an annealing step leads to
an increase of the overall performance. While for PMI-F-PMI
based solar cells an annealing temperature of 135 °C led to the
best PCEs, for the PMI-FSi-PMI and PMI-FN-PMI based devices,
the best performance was obtained upon annealing at 150 °C.
J-V curves of the best solar cells (non-annealed and annealed)
measured under illumination and in dark conditions are depicted
in Fig. 7A-C and their solar cell characteristics are given in Table 3
and Table S3 (ESIt). Noticeable, the current density increased by
1-2 mA cm™? due to the annealing step and the highest current
density (10.18 mA cm™*) was obtained for the PBDB-T/PMI-FN-
PMI-based solar cell. Moreover, the fill factors of the solar cells
with all three NFAs could also be significantly enhanced due to an
increased crystallinity in the absorber layer. This results in max-
imum device efficiencies of 5.16% for the PMI-F-PMI-based solar
cells annealed at 135 °C and for the PMI-FSi-PMI and PMI-FN-
PMI-based solar cells annealed at 150 °C.

External quantum efficiency (EQE) spectra of PMI-F-PMI,
PMI-FSi-PMI and PMI-FN-PMI based solar cells with a D/A ratio
of 1/0.66 (non-annealed and annealed) are depicted in Fig. 7D-F.
The EQE spectra show an onset of photocurrent generation at
700 nm corresponding to the absorption onset of PBDB-T.
Moreover, the photoresponse of the EQE spectra matches well
with the absorption spectra of the blend films revealing a con-
tribution of donor and acceptor component to charge carrier
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(A) Device architecture of the fabricated solar cells and (B) energy diagram of PMI-F-PMI (3a), PMI-FSi-PMI (3b), PMI-FN-PMI (3c) and PBDB-T.

Table 3 Best and average device characteristics of PBDB-T—PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI based solar cells (D/A — 1/0.66) with and
without annealing of the absorber layer. The average values and standard deviations were calculated from the best 15 cells

Compound Annealing temperature (°C) Thickness (nm) Voc (V) Jsc (mA em™?) FF (%) PCE (%)
PMI-F-PMI

Best cell — 93 1.10 7.04 45.4 3.48
Average 88 + 3.7 1.06 + 0.03 6.54 £+ 0.28 44.7 £ 1.7 3.09 £ 0.18
Best cell 135 85 1.10 8.94 52.9 5.16
Average 93 £ 6.7 1.09 + 0.04 8.13 + 0.47 48.8 £ 2.9 4.34 £ 0.37
PMI-FSi-PMI

Best cell — 88 1.08 6.58 43.4 3.06
Average 92 + 13 1.05 £+ 0.05 6.08 + 0.33 42.4 £ 1.7 2.69 £ 0.15
Best cell 150 78 1.14 8.55 53.4 5.16
Average 75 £ 2.4 1.12 £+ 0.02 7.88 £ 0.42 53.1 £ 1.5 4.67 £ 0.28
PMI-FN-PMI

Best cell — 80 1.08 8.17 39.6 3.46
Average 90 £ 7.6 1.08 £+ 0.03 7.08 £ 0.30 40.1 £1.9 3.07 £ 0.15
Best cell 150 78 1.06 10.18 48.0 5.16
Average 81 +13 1.11 £ 0.04 9.10 £ 0.62 44.2 £ 2.6 4.45 £ 0.36
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Fig. 7 J-V curves (under illumination — solid symbols and under dark con

ditions — hollow symbols; notice that the hollow curves overlay) and EQE

spectra of the best solar cells of PBDB-T: (A and D) PMI-F-PMI (3a), (B and E) PMI-FSi-PMI (3b) and (C and F) PMI-FN-PMI (3c) with a D/A ratio of

1/0.66 w. and w/o annealing of the absorber.

generation. The pronounced broad shoulder around 630 nm
matches with the absorption maximum of the conjugated poly-
mer and the maxima of the EQE spectra are in line with the
maxima of the absorption spectra of the new acceptors. Moreover,
in the EQE spectra of the solar cells prepared with D/A ratios of 1/1
and 1/1.5 (see Fig. S17C and D, ESI{) the increased acceptor
content in the absorber layer leads to an increased photocurrent
generation in the spectral region in which the PMI-based accep-
tors show strong absorption, compared to the wavelength region
above 600 nm where the photocurrent generation is based on
absorption in PBDB-T - the donor component in the absorber
layer (¢f absorption spectra in Fig. S19, ESIT).

The current densities calculated from the EQE data match well
with current densities from the J-V measurements performed either
before or after the EQE measurements (Table S4, ESIt). As these
measurements were performed in ambient atmosphere, slightly
reduced Jsc values were observed after the EQE measurements.
As expected, for the devices annealed at 135 or 150 °C, respectively,
increased EQE values were obtained. Herein the annealed solar

A PBDB-T/PMI-F-PMI

120

B PBDB-T/PMI-FSi-PMI

cells with the PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI acceptors
(D/A ratio of 1/0.66) showed maximum EQE values of 53%, 53%
and 57%, respectively.

Moreover, the stability of the solar cells (D/A ratio 1/0.66,
annealing at 150 °C) was investigated. Therefore, solar cells
with device efficiencies close to the average values mentioned
in Table 3 were selected for maximum power point (MPP)
tracking under continuous illumination and active load for
24 hours. As can be seen in Fig. 8, the solar cells reveal a stable
output over 24 h. The device performance even increased
slightly and for all three solar cells more than 100% of their
initial device efficiency were found after the testing period.
The main part of the increase in PCE occurred during the
first 60 minutes, which most likely stems from an increased
conductivity of the ZnO layer due to light soaking.**

Film morphology

Since annealing of the solar cells strongly improved the photo-
voltaic performance, AFM measurements were performed on

C PBDB-T/PMI-FN-PMI
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Fig. 8 Maximum power point tracking of solar cells with the PBDB-T/acceptor absorber layers: (A) PMI-F-PMI (3a), (B) PMI-FSi-PMI (3b) and

(C) PMI-FN-PMI (3c) (D/A - 1/0.66, annealed at 150 °C), measured for 24 h
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Fig. 9 2 x 2 um? AFM images of as cast and post-annealed solar cell devices. The images in the first row (A—C) depict the surface of the absorber layers
without thermal annealing, while in the second row (D—F) the images of the annealed samples are presented.

not annealed and annealed samples in order to investigate
possible morphological changes of the organic semiconductor
surface. The AFM images of the absorber layers of the solar cells
with D/A ratios of 1/0.66 processed without annealing, as well
as post-annealed devices at 135/150 °C are presented in Fig. 9.

The AFM topography images of the PBDB-T/PMI-F-PMI and
PBDB-T/PMI-FSi-PMI samples (Fig. 9A and B) are characterized
by a surface morphology consisting of a spheroidal structure
with small domains. In the non-annealed PBDB-T/PMI-FN-PMI
absorber layer (Fig. 9C), the spheroidal structure is super-
imposed by a fiber-like surface morphology. Regarding the surface
roughness, R, values of ~4-6 nm are found in the PBDB-T/PMI-
F-PMI and PBDB-T/PMI-FN-PMI samples and the PBDB-T/PMI-
FSi-PMI sample, in which the crystallization of the acceptor is
more pronounced, exhibited higher R, values of 7-8 nm.

The AFM images of the absorber layer of the devices, which
have been heat treated at 135/150 °C, are shown in Fig. 9D-F.
Morphology-wise there are no significant differences between
the annealed and non-annealed absorber layers based on PMI-
F-PMI and PMI-FSi-PMI, However, in the PBDB-T/PMI-FN-PMI
sample the fiber-like structure is distinctly more pronounced.
Regarding the surface roughness, the annealing process tends
to reduce the R values for all three absorber layers. However,
the change is quite subtle and influences of other effects like
local morphology variations cannot be excluded.

Conclusion

Three different perylene monoimide non-fullerene acceptors
bridged via fluorene, silafluorene and carbazole linkers — PMI-F-
PMI, PMI-FSi-PMI and PMI-FN-PMI - were synthesized via Suzuki

2102 | Mater. Adv., 2020, 1, 2095-2106

coupling. DFT calculations displayed suitable HOMO/LUMO levels
for the application as acceptors in organic solar cells and a 55°
dihedral angle between the PMI units and the linkers. This twisting
together with the long alkyl chains on the central linker unit as well
as the diisopropylphenyl substituents on the PMI part helps to
avoid pronounced n-r-stacking and leads to an excellent solubility.
The three A-D-A type acceptors exhibit an absorption maximum at
around 530 nm, absorption coefficients of 9 x 10 M~" em™* and
good fluorescence quantum yields (~70%). It was found that the
introduction of the heteroatoms in the fluorene-derivative linker
does not significantly influence the electronic properties such as
HOMO/LUMO levels or charge carrier mobilities. A distinct differ-
ence was, however, observed regarding structural properties as
GIWAXS measurements revealed that the crystallinity of PMI-FSi-
PMI is significantly more pronounced compared to the other two
investigated acceptors. Interestingly, these differences in crystal-
linity and molecular packing do not substantially influence the
performance of the organic solar cells, which were fabricated in an
inverted device setup using the conjugated polymer PBDB-T as
donor material. The solar cells based on all three acceptors show
similar device performances. The highest PCEs were obtained
using a D/A ratio of 1/0.66 (w/w). Thermal annealing of the absorber
layers leads to increased crystallinity of the absorber layers, which is
also reflected in increased device efficiencies up to 5.16%.

Experimental
Materials and methods

All reagents and solvents were purchased from commercially
available sources (Sigma Aldrich, Lumtec, abcr, VWR, Roth) and
used as received.

This journal is © The Royal Society of Chemistry 2020
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Synthetic procedures

The synthesis of PMI and PMI-Br were performed and verified
according to literature procedures.***> PMI-F-PMI, PMI-FSi-PMI
and PMI-FN-PMI were synthesized under standard Suzuki-
coupling conditions in toluene with Pd(PPh;), catalyst. The
detailed synthesis procedures are given in the ESL¥

Fabrication of solar cells

Patterned glass/ITO substrates (15 x 15 x 1.1 mm?®) (15 Q sq )
from Luminescence Technology Corp. were precleaned with
acetone, put in an isopropyl alcohol bath, and placed into an
ultrasonic bath at 40 °C for 30 min. The substrates were then
dried with N, and plasma etched for 3 minutes. The zinc oxide
precursor solution was prepared by dissolving 500 mg zinc
acetate dihydrate in 5 ml 2-methoxyethanol and 150 pl ethanol-
amine and stirring for 8 hours, followed by filtration (0.45 pm
PVDF filter). The precursor solution was spin coated at
4000 rpm for 30 s and afterwards annealed at 150 °C for
15 minutes in air. The donor/acceptor solutions were prepared
in an N, filled glove box with D/A weight ratios of 1/0.66, 1/1
and 1/1.5. The concentration of the donor PBDB-T was kept
constant at 10 mg ml~' (solvent: chlorobenzene) and the
amount of the acceptor was adjusted according to the envi-
saged D/A weight ratio. The blend solutions were stirred at
50 °C over night. Before applying the blend, the solution was
heated to 70 °C for 30 minutes and then hot spin coated (70 °C)
on the zinc oxide layer. A two-step spin coating process was
used to achieve layer thicknesses around 100 nm (first step) and
to dry the substrate (5000 rpm/5 s) (second step). A part of the
samples was annealed at 135 °C or 150 °C for 5 min. Therefore,
the heating plate was thoroughly calibrated using a PT100
temperature sensor mounted on a glass/ITO substrate prior to
the annealing experiments. The solar cells were completed by
thermal evaporation of MoO; (10 nm) and Ag (100 nm) under
high vacuum conditions (1 x 10~ mbar).

Characterization techniques

NMR spectroscopy (‘H, APT) was performed on a Bruker Avance
300 MHz and/or Varian Inova 500 MHz spectrometers. Chemical
shifts were referenced to tetramethylsilane (TMS - 0.00 ppm) or a
solvent peak (CDCl; *C 77.16 ppm). Deuterated chloroform-d
with 0.03% TMS was obtained from Cambridge Isotope
Laboratories Inc.

MALDI-TOF mass spectrometry was performed on a Micro-
mass TofSpec 2E time-of flight mass spectrometer. The instru-
ment was equipped with a nitrogen laser (4 = 337 nm,
operated at a frequency of 5 Hz) and a time lag focusing unit.
Ions were generated just above the threshold laser power.
Positive ion spectra were recorded in reflection mode with an
accelerating voltage of 20 kV. The spectra were externally
calibrated with a polyethylene glycol standard. Data analysis
was done with MassLynx-Software V3.5 (Micromass/Waters,
Manchester, UK). Samples were dissolved in dichloromethane
(c =1 mg ml™"). The matrix was either trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)

This journal is © The Royal Society of Chemistry 2020
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or dithranol (¢ = 10 mg ml™"). Sample and matrix were mixed
in a ratio of 2:7 and was spotted onto the target and allowed
to air-dry.

Decomposition temperatures were determined using a Netzsch
Jupiter STA 449C thermogravimetric analyzer in aluminium
crucibles under helium atmosphere with a flow rate of
50 mL min~'. The operated temperature range was between
20-550 °C with a heating rate of 10 °C min . Differential
scanning calorimetry (DSC) was performed on a DSC 8500
(PerkinElmer USA) using heating rates of 20 °C min™" and
40 °C min~' under nitrogen atmosphere, with a flowrate of
20 mL min~'. Glass-transition temperatures (T,) from the
second heating run were interpreted as the midpoint of change
in heat capacity. The samples (3-10 mg) were measured in
aluminium pans.

Computations were done using Gaussian09 software.*’
Ground state minimal energy was localized, followed by its
verification with frequency calculation (B3LYP level of theory,
6-31G* basis set). Excitation energy was calculated using
TD-DFT (B3LYP, 6-31+G*).

Absorption spectra were recorded on a Shimadzu spectro-
photometer UV-1800 (300 to 1000 nm). Spectra of solutions
were recorded in chloroform and for the measurements of
thin film spectra samples on glass substrates were used.
Fluorescence measurements were recorded in ambient atmo-
sphere on a FluoroLog 3 spectrofluorometer from Horiba
Scientific equipped with an NIR-sensitive R2658 photo-
multiplier from Hamamatsu (300-1050 nm). Compounds were
measured in a solution of chloroform (¢ = 1 to 4 pmol 1) and
on glass substrates. Relative luminescence quantum yields
were determined using Lumogen orange (Kremer Pigmente,
Germany) as reference compound (¢ = 1.0 in CHCL).*® Excitation
and emission scans of the acceptor thin films were measured with
a PTT QuantaMaster 40.

Cyclic voltammetry (CV) measurements of PBDB-T,
PMI-F-PMI, PMI-FSi-PMI and PMI-FN-PMI were performed
to determine their respective HOMO-LUMO energy levels
using a Jaissle Potentiostat-Galvanostat IMP 88 PC-100.
A standard three-electrode setup was used where an Ag/AgCl
wire served as quasi-reference electrode and two Pt-plates
served as working and counter electrodes. On a hotplate
(50 °C) and in nitrogen atmosphere the investigated organic
materials were deposited onto the working electrode via
drop-casting. All CV measurements were performed in a
nitrogen glovebox using 0.1 M tetrabutylammoniumhexa-
fluorophosphate (TBAPF) in acetonitrile (MeCN) as the
electrolyte solution. The scan speed was 50 mV s '. Two
separate measurements on freshly drop-casted materials were
carried out to determine the oxidation and reduction onset,
respectively. In order to avoid the effect of possible trapped
charges, measurements to determine the oxidation onset
were cycled through starting from zero to positive voltages,
whereas measurements to determine the reduction onset
were cycled through starting from zero to negative voltages.
Every measurement was externally calibrated by measuring
the half-wave potential of a Fe/Fc' redox couple. The HOMO
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and LUMO energy levels were calculated using the following
equations:*’

Enomo = —(4.75 + Eghsetvs. nuE) €V

d
Erumo = —(4.75 + Eonsetvs. nuE) €V

The Fermi energy level of NHE vs. vacuum was taken as
—4.75 €V, whereas the redox potential of Fc/Fc' vs. NHE was
taken as 0.64 V.**

OFET fabrication and characterization: as a first step, the
OFET glass substrates were sonicated for 15 minutes in
Hellmanex®, deionized water, acetone and isopropanol,
followed by a 5 minute O, plasma treatment (50 W). OFET
devices were fabricated in a bottom-gate, top-contact geometry
with aluminum top electrodes (source and drain) and an
aluminum gate electrode covered with a thin, insulating oxide
layer. The aluminum bottom-gate electrode was thermally
evaporated through a shadow mask onto a pre-cleaned glass
substrate under a base pressure of 2 x 10~ ° mbar until a
thickness of 100 nm was reached. Subsequently, electrochemi-
cal anodization was used to grow a 32 nm dielectric Al,O; layer.
The Al gate electrode is immersed into a 0.01 M electrolyte
solution of citric acid/trisodium citrate in ultrapure 18 MQ
water (0.265 g/2.57 g in 100 ml H,0) and serves as working
electrode.”® A Pt-foil is placed parallel to the substrate, which
acts as a counter electrode. Applying a constant voltage of 20 V
for several minutes leads to the formation of a 32 nm thick
oxide layer, due to an oxide formation factor of 1.6 nm V' for
this electrolyte system.>®

As a next step, the substrates were rinsed thoroughly with
18 MQ water, dried and transferred into a nitrogen filled
glovebox, where a thin passivation layer of benzocyclobutene
(BCB) (1:50 diluted in mesitylene) was spin-coated at 25 rps for
45 seconds. Typical film thicknesses of the BCB layers were
between 10-15 nm. Afterwards, the substrates were annealed at
280 °C for 1 hour on a hotplate in nitrogen atmosphere in order
to cure the BCB layer.

The organic semiconductor materials (PMI-F-PMI, PMI-FSi-
PMI and PMI-FN-PMI) were spin-coated on top of the BCB layer
under nitrogen atmosphere with a two-step spin-coating recipe
of 20 rps for 10 s followed by 67 rps for 20 s. As a final step,
Al source and drain top electrodes were thermally evaporated
on top of the semiconductor using a shadow mask. Evaporation
conditions were the same as described for the gate electrode.
The evaporation mask geometry of source, drain and gate
electrodes results in transistors with a channel width W of
2000 pm and a channel length L of 65 pm.

OFET devices were measured in a nitrogen filled glove
box with an Agilent B1500A semiconductor device parameter
analyzer. Transistor transfer curves were measured by sweeping
the gate voltage from 0 to 10 V and back to 0 V in 50 mV steps.
After each sweep the drain voltage was increased by 2 V until a
final drain voltage of 10 V was reached.

The surface morphology of the active layer of the solar
cell devices was characterized with a Brucker Innova AFM.
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Measurements were carried out in tapping mode and under
ambient conditions.

2D grazing incidence wide angle X-ray scattering (GIWAXS)
measurements were performed at the Austrian SAXS Beamline
5.2L of the electron storage ring ELETTRA Trieste at a photon
energy of 8 keV.>" For the detection of the GIWAXS images,
a Dectris Pilatus3 1M detector was used set to a sample detector
distance of 294 mm. The angular calibration of the detector was
carried out using silver behenate powder (d-spacing: 58.38 A).
All measurements have been performed with a grazing angle
of 0.17°. The in-plane cuts taken at the Yoneda wing (g,) and
out-of-plane cuts (q,) along the Ewald sphere have been deter-
mined with the data evaluation software SAXS Dog.

Surface profilometry measurements were performed on a
Bruker DektakXT stylus surface profiling system equipped with
a 12.5 pm-radius stylus tip. Line scans were recorded over a
length of 500 um, with a stylus force of 3 mg, and a resolution
of 0.33 um pt'. The layer thicknesses were determined
from two-dimensional surface profiles using Vision 64 software
(Bruker).

J-V curves of all devices were recorded inside a glovebox
(nitrogen atmosphere) with a scan rate of 200 mV s~ ' using a
Keithley 2400 source meter connected to a LabView-based
software. Illumination (100 mW cm™?) was provided by a
Dedolight DLH400 lamp, calibrated using a monocrystalline
silicon WPVS reference solar cell from Fraunhofer ISE. The
active area of the solar cells was defined by a shadow mask
(2.65 x 2.65 mm) used for the illumination. External quantum
efficiency (EQE) measurements were acquired using a MuLTI-
mode 4-AT monochromator (Amko) equipped with a 75 W
xenon lamp (LPS 210-U, Amko), a lock-in amplifier (Stanford
Research Systems, Model SR830), and a Keithley 2400 source
meter. The monochromatic light was chopped at a frequency of
30 Hz, and constant background illumination was provided
by white light LEDs. The EQE spectra were measured in the
wavelength range of 380-900 nm (increment: 10 nm). The
measurement setup was spectrally calibrated with a silicon
photodiode (818-UV/DB, Newport Corporation). The MPP
tracking tests of the solar cells were performed under contin-
uous illumination with a white light (6500 K) 10 W chip-on-
board high power LED.
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