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Abstract

The everlasting climate change leads to a demand for developing new ways for the usage
of renewable resources. For example, solar cells are making use of the sun light as energy
source. While commonly used silicon wafer-based solar cells are close to their natural
efficiency limit, other investigated solar cell types like organic solar cells showed great
enhancement of the power conversion efficiency in the past already and are still giving
a promising outlook to further improvement. Generally, in contrast to other solar cell
types, organic solar cells consist of a donor and an acceptor semiconductor. Thus, there
is a wide variety of possible donor and acceptor semiconductors and donor-acceptor ma-
terial combinations. Furthermore, the introduction of the so-called bulk heterojunction
(BHJ) systems (an inter-penetrating network of donor and acceptor material) already re-
sulted in improvements in the past.

In this thesis, two new acceptor semiconductors were synthesized and used in organic
solar cells. Both materials had an acceptor-donor-acceptor molecular structure. The two
acceptor units were for both materials perylenemonoimide (PMI) and the donor unit was
3-hexylthiophene for one and 3,4-dihexylthiophene for the other material. Both materials
were successfully synthesized and characterized regarding their optical and electronic
properties via UV-vis spectroscopy, fluorescence spectroscopy and thermogravimetric
analysis. The purity and the structure were proved via NMR spectroscopy. Furthermore,
density functional theory (DFT) calculations were done to determine the optical and geo-
metric properties of both materials.

Moreover, both materials were used together with the donor polymer PBDB-T in a bulk
heterojunction system. The performance was measured using current-voltage measure-
ments, external quantum efficiency measurements and maximum power point tracking.
Additionally, UV-vis measurements were done for the thin films of both acceptor ma-
terials, as well as for the acceptor-donor mixtures. Furthermore, the crystallinity was
analyzed via x-ray diffraction (XRD).

The solar cells were optimized regarding the concentration, annealing and layer thick-
ness. The maximum power conversion efficiencies reached were 3.42% for PMI-3,4-
dihexylthiophene-PMI and 0.87% for PMI-3-hexylthiophene-PMI. Annealing lead to per-
formance improvement for both acceptor materials while light-soaking did either not

have a significant effect or decreased the performance of the solar cells.
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Kurzfassung

Um den voranschreitenden Klimawandel einzuddammen, ist die Nutzung erneuerbarer
Energieressourcen und daher auch die Weiterentwicklung der damit verbundenen Tech-
nologien von grofier Bedeutung. Eine dieser Technologien sind Solarzellen, welche sich
die Sonnenenergie zunutze machen. Wahrend die iiblicherweise verwendeten silizium-
basierten Solarzellen nahe an ihrem natiirlichen Effizienzlimit sind, zeigten andere So-
larzellenarten wie etwa organische Solarzellen in der Vergangenheit bereits enorme
Verbesserungen der Effizienzen und weisen immer noch vielversprechende Moglichkeiten
zu weiterer Verbesserung auf. Im Gegensatz zu anderen Solarzellenarten bestehen organ-
ische Solarzellen aus einem Donor- und einem Akzeptor-Halbleiter. Daraus ergibt sich
eine weite Bandbreite moglicher Akzeptor- und Donormaterialien sowie deren Kombi-
nationen. Des Weiteren fiihrte die Entwicklung der Bulk Heterojunction (BH]J), ein inter-
penetrierendes Netzwerk des Donor- und Akzeptormaterials, ebenfalls zu signifikanten
Verbesserungen in der Vergangenheit.

In dieser Arbeit wurden zwei neue Akzeptor-Halbleiter synthetisiert und in organischen
Solarzellen verbaut. Beide Materialien zeigen eine Akzeptor-Donor-Akzeptor Molekiil-
struktur. Die beiden Akzeptoreinheiten waren fiir beide Materialien Perylenmonoimid
(PMI) und die Donoreinheit bestand aus 3-Hexylthiophen oder 3,4-Dihexylthiophen. Beide
Materialien wurden erfolgreich hergestellt und charakterisiert beziiglich der optischen
und elektronischen Eigenschaften mittels UV-vis Spektroskopie, Fluoreszenzspektroskopie
und thermogravimetrische Analyse. Die Reinheit und Struktur wurde mittels NMR-
Spektroskopie nachgewiesen. Des Weiteren wurden Dichtefunktionaltheorie (DFT) Berech-
nungen fiir die Bestimmung der theoretischen optischen und geometrischen Eigenschaften
beider Molekiile durchgefiihrt. Zusitzlich wurde die Kristallinitdt mittels Rongtenbeugung
(XRD) bestimmt.

Weiters wurden beide Materialien zusammen mit dem Donorpolymer PBDB-T als BHJ
in Solarzellen verbaut und die Leistung wurde mittels Strom-Spannungsmessungen, ex-
terner Quanteneffizienzmessungen sowie Maximalpunktsmessungen bestimmt. Zusitzlich
wurden noch UV-vis Messungen der Diinnschichten beider Akzeptormaterialien sowie
der Akzeptor-Donor-Mischung durchgefiihrt.

Die Solarzellen wurden beztiglich der Konzentration, Temperung sowie der Schichtdicke
optimiert. Die maximale Effizienz war 3.42% fiir die Solarzellen, die mit dem Akzeptor-
material PMI-3,4-Dihexylthiophen-PMI verbaut wurden, wahrend bei PMI-3-
Hexylthiophen-PMI nur eine Effizienz von 0.87% erreicht werden konnte. Das Tem-
perieren der Solarzellen fiihrte in beiden Fillen zu einer Verbesserung, wahrend Light-
Soaking praktisch keinen Einfluss hatte.
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1 Introduction

Changes in the atmospheric composition have resulted in observable global climate changes
since the Industrial Revolution. One major contributor to this development is the excess
use of fossil fuels and the associated emission of the green house gas CO,. In numbers,
the global average temperature has risen 0.85°C and the atmospheric CO; content shows
a 40 % increase since 1850. [1] Global warming influences not only the average tempera-
ture, but has a wide range of different negative impacts and feedback loops. For example,
higher average temperatures lead to a rise in the mean sea temperature, which impacts
the ocean current and in consequence also the likelihood of emerging hurricanes. Fur-
thermore, the increasing risk of other extreme weather conditions like droughts or heavy
rains is another side-effect of climate change. This impacts the profitability of agriculture
and therefore also economy. In conclusion, climate change influences economy, flora and

fauna and social aspects like future living conditions.

Therefore, the development of alternative, more sustainable energy resources is a ma-
jor contribution in slowing down, or in the best case scenario stopping, climate change.
Additionally, the global energy demand is increasing steadily while the unsustainable
energy sources nuclear energy and fossil fuels are problematic. The use of fossil fuels
emits CO,, which is a major cause of climate change. Nuclear energy, on the other hand,
shows unsolved problems regarding safety and nuclear waste disposal. Nuclear energy
and fossil fuels are covering 85 % of the energy demand in the European Union. [2] The
other sources for energy generation are wind, water, biofuels, and solar energy. However,
only 0.6% of the energy was produced by solar energy in the European Union in 2016 and
only 0.3% in 2017 in Austria. [2] In other words, there is potential to higher coverage by
renewable resources in general and by solar energy in specific.

More than 90 % of the global solar cell market is covered by wafer-based (mono- or poly-)
crystalline silicon photovoltaics. [3] The highest efficiency reached so far for the typical p-
type polycrystalline silicon solar cell was achieved by Haase et al. in 2018 with 26.1 %. [4]
In 2017, Yoshikawa et al. achieved an power conversion efficiency of 26.7 % for a het-
erojunction solar cell construction, using amorphous and crystalline silicon. [5] The the-
oretical upper limit is the so-called Shockley-Queisser limit, which suggests a maximum
of 29.1 %. [5] This shows, that the maximum conversion efficiency is almost reached and

that the room for further improvement is limited.

Although crystalline silicon solar cells exhibit good efficiencies, there is still room for
improvement. For one, those solar cells with high efficiencies need monocrystalline sil-
icon (frequently even specific crystal orientation), which goes hand in hand with more
difficult production, resulting in higher costs. [6]

In comparison, organic solar cells provide the advantages of easy fabrication and use of



very thin layers, resulting in the possibility of low weight solar cells. Nonetheless, organic
solar cells have one major difficulty: low stability, leading to the necessity of encapsulat-
ing the solar cells to impede degradation through ambient air exposure. [7] Furthermore,
organic solar cells show a maximum of 17.36 % efficiency. [8] Research on organic solar
cells improved the performance in the past already significantly and there are still promis-
ing outlooks on further improvement.

In contrast to silicon solar cells, organic solar cells consist of two organic semiconductors:
one being the electron donor material and one being the electron acceptor material. [7]
Since there is a wide range of possible organic donor and acceptor materials, the band
gap can be adjusted easily and there are many options for matching donor and acceptor
materials. Generally, there are two main groups within the acceptor materials: fullerene
and non-fullerene based acceptors. While the popular fullerene acceptors are already
widely investigated, non-fullerene acceptors (NFA) are under research and provide an
even wider range of possibilities.

Popular non-fullerene acceptor materials like perylenediimide (PDI) derivatives have
been researched already in depth while perylenemonoimide (PMI) based acceptors are
largely unexplored so far, yet promising. Therefore, PMI based acceptors have been cho-
sen to be researched in this thesis. The investigated acceptor materials here are built as
PMI-Linker-PMI units. Since promising efficiencies of 2.57 = 0.11 have been reached in a
previous master thesis with the acceptor material PMI-3-hexylthiophene-PMI, [9] this ma-
terial was again synthesized and compared with 3,4-dihexylthiophene (DHT) as a linker
compound due to the likeness between the linker molecules. Both linker molecules were

attached on PMI units by Suzuki Coupling and subsequently tested in organic solar cells.



2 Theoretical Background

2.1 Organic Solar Cell Architecture

In general, the organic solar cell is built up by two semiconductors - the donor and the ac-
ceptor semiconductor. When exposed to light, the donor material forms an electron-hole
pair, a so-called exciton, through photon absorption. [10] At the interface to the acceptor,
the exciton can dissociate to mobile charge carriers and the excited electron can move
from the acceptor material towards the cathode, while the hole in the HOMO level of the
donor can move towards the anode. [10] The other possibility is, that the light is absorbed
by the acceptor material: In this case, the exciton is formed in the acceptor material and
the charge carriers move towards their respective electrodes starting at the HOMO and
LUMO level of the acceptor.

This working principle lead to the development of two basic active layer concepts of or-
ganic solar cells: bilayer and bulk heterojunction, illustrated in Figure

Compared to bilayer solar cells, the active layer in bulk heterojunction photovoltaics is an
interpenetrating donor-acceptor network, leading to a larger interface area compared to
the bilayer design. [11] Since organic semiconductors show low dielectric constants, the
exciton formed exhibits a large binding energy, which results in low diffusion lengths of
only approximately 10 nm. [10] Therefore, the donor-acceptor phase separation should
be within 10-20 nm to impede possible recombination of the exciton. [12] Charge transfer
occurs due to the potential difference between the acceptor and donor material. [12] Thus,
higher interface area between the donor and the acceptor phase can increase the exciton
dissociation and decrease the recombination likelihood. [12] Due to the higher interface
area, bulk heterojunction organic solar cells can show improved power conversion effi-
ciencies. [12]

However, charge recombination can also happen during the electron and hole movements
to their corresponding electrodes. [12] Furthermore, the interpenetrating network has to
be continuous: The donor material acts as a hole pathway and the acceptor material as an
electron pathway to the corresponding electrodes. [12] Thus, if the network in the active
layer is not built up sufficiently, the charge carriers cannot reach their electrodes. There-
fore, the morphology of the bulk heterojunction plays an important role to achieve high

power conversion efficiencies.

However, investigations to increase the diffusion length have been made and can lead
to better efficiencies in the bilayer construction. For example, larger crystalline domains
(100 nm vs 400 nm) of the active layer materials increased the 1D diffusion length by
18.5nm (6.5 nm vs 25 nm) for PTCDA (3,4,9,10-perylenetetracarboxylic dianhydride). [13]
Lee et al. also reported good exciton diffusion in bilayer constructed solar cells due to
long-range energy transfer between the two active layers: A great density of charge-

transfer states was verified by electroluminescene measurements. [14] Furthermore, of-



ten used thermal annealing increases the crystallinity of the films as well: While the
P3HT (poly(3-hexylthiophene-2,5-diyl)) film without thermal treatment showed a diffu-
sion length of 3.3 nm, the thermal treatment at 235 °C lead to an increase of 3.7 nm.
Additionally, Yang et al. were able to show that optimized, annealed bilayer solar cells
performed better than their annealed BHJ counterparts regarding their bimolecular re-
combination losses: The charge carrier lifetimes were compared at different voltages,
which showed that the lifetime was lower for the BHJ solar cells and significantly higher
for bilayer devices. Thus, recombination losses were lower for the bilayer construc-
tion, likely due to the non-existing “dead ends” which might occur in BH]J devices.

Top Electrode Top Electrode

Acceptor

Bottom Electrode Bottom Electrode

(@) (b)

Figure 1: Schematic illustration of (a) a bilayer organic solar cell and (b) a bulk hetero-
junction organic solar cell

Furthermore, both active layer concepts (bilayer and BH]J) are constructed either us-
ing the normal or the inverted design. If the top electrode of Figure [2] (a) is the
cathode (electron selective electrode, i.e. aluminium) and the bottom electrode is the
anode (hole selective electrode, i.e. indium tin oxide/ poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate (ITO/PEDOT:PSS)), it is called a normal device architecture.
If, on the other hand, the top electrode is the anode (i.e. MoOy/silver) and the bottom
electrode is the cathode (i.e. ZnO/ITO), it is called inverted design. Hence, the differ-
ence between both architectures is the charge carrier movement direction. If the normal
device design is carried out with common metal cathodes (i.e. Al, Ca), more expensive
encapsulation than for the inverted design is needed, due to the more likely oxidation of
the cathode metal under ambient air conditions. In the inverted design, the top elec-
trode materials commonly used are high work function metals like silver or gold due to
their non-degrading properties under oxygen influence. However, encapsulation is
needed for the common inverted design as well: Corazza et al. showed for P3BHT:PCBM
(P3HT:[6,6]-phenyl C4; butyric acid methyl ester) active layers, that, in comparison to the

4



normal device structure, the unencapsulated inverted design organic solar cells had en-
hanced stability regarding humidity but lower stability if tested under light-soaking.
The encapsulated inverted devices on the other hand performed better under light expo-
sure than the normal devices.

Furthermore, in the normal device architecture, the commonly used PEDOT:PSS pro-
motes the diffusion of indium of the ITO layer into the donor-acceptor layer and can
result in interface instability. The inverted design on the other hand allows the avoid-
ance of PEDOT:PSS and therefore this issue is solved for inverted devices. [11]

| e
=B
LUMO
Lghe Lwwo Yy
MoOs Y
Cathode
NFA + PCE-12 — -
Anode
HTL
ZnO - :?,HMQ? HOMO
) NFA
@ ETL
glass + ITO & -
(a) (b)

Figure 2: Illustration of (a) the device architecture and (b) the solar cell work mechanism
and energy levels of the different layers

In Figure[2](a), one can see the device architecture of the constructed solar cells for this
thesis, using the inverted design. The bottom layer, being glass + ITO (indium tin oxide),
operates as the cathode. Besides easy electron transportation, transparency is an advan-
tageous characteristic for anodes in the inverted design. Due to its transparency and
conductivity, ITO is widely used in OSCs. Compared to other transparent conductive
oxides, like gallium doped zinc oxide or zinc doped indium-oxide, sheet resistivity and
hole mobility of ITO is less influenced by thermal treatment.

Generally, interlayers are necessary in organic solar cells to improve charge carrier col-
lection , thus enhancing the solar cell performance. Hence, the following layer is
zinc oxide (ZnO), which acts as an electron transport layer (ETL) and hole blocking layer
(HBL). ZnO exhibits a wide band gap of 3.3 eV and is a n-type material. In more
detail, ZnO inhibits intrinsic defects, i.e. oxygen vacancies or additional zinc on intersti-
tial sites. Additionally, the conductivity depends on the crystallinity, which depends
further on the annealing temperature used. Furthermore, the conductivity of the in-
terlayer is not only determined by the annealing temperature, but also by the atmosphere

(i.e. oxygen exposure).

The subsequent layer is the donor-acceptor bulk. Further details will be described in
section 2.3/and section 2.2



The following molybdenum oxide (MoOx) layer serves as a hole tranport layer (HTL)
and electron blocking layer (EBL). Additionally, diffusion processes of the anode material

and oxygen into the active layer can be intervened by this layer. [25]

Lastly, the silver anode follows. Compared to other metallic cathode materials like Ca
or Mg, Ag is not easily oxidized. [11] Due to this, Ag is a commonly used anode material
in inverted bulk heterojunction solar cells.

2.2 Donor material

The use of polymers gives a wide range of possible donor materials [26]], as can be seen in
Figure 3, which depicts several common donor materials. [27] The first polymer donors,
like MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), P3HT (Poly-
3-hexylthiophene) or POPT (poly(3-(4-n-octyl)-phenylthiophene)) are widegap materials
and show low short circuit current and thus only limited efficiency. [26] While MEH-
PPV showed additionally low charge mobility, leading to low efficiencies with PCBM of
2.9 %, [28] P3HT overcame this problem due to its characteristics regarding solubility,
self-assembly, charge carrier mobility and crystallinity. [29] However, the power conver-
sion efficiency was still limited to 7.5 %, [30] due to the large bandgap. [26]

Due to the natural limitation given by the wide band gap, medium band gap donor mate-
rials were investigated. For example, PTB7 (tPoly [[4,8-bis[(2-ethylhexyl)oxy] benzo[1,2-
b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]
thiophenediyl]]) has a band gap of 1.6 eV and has a good hole mobility due to its quinoidal
structure and the side chains enable good solubility. [26]

The third possibility, small band gap donor materials, show again high hole mobility
and in the case of BDT (benzo[1,2-b:4,5-b’]dithiophene) based donors also the advantage
of small steric hindrance. [26] This results in a minimum influence of neighbouring units
on the energy levels of the band gap of the donor. [26]]
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Figure 3: Illustration of several common donor materials [27]

PBDB-T based donor materials exhibit low HOMO levels, which can result in greater
open circuit voltages: The open circuit voltage is determined by the difference between
the donor HOMO and the acceptor LUMO level. [31] Therefore, if the acceptor material
exhibits a high LUMO level compared to the HOMO level of PBDB-T, enhanced open-
circuit voltages can be observed. Furthermore, implementing fluorine atoms in the side
groups can increase the PCE by shifting the HOMO level of the PBDB-T donor. [31] Chlo-
rination or substituition of the thiophene blocks can also lead to increased PCEs. [31]
PBDB-T derivatives show great charge generation, high fill factors and good morphology
characteristics. [31] Due to these reasons and the HOMO-LUMO level match between
PBDB-T and the acceptor materials synthesized, PBDB-T was used in this thesis as the

donor material.



2.3 Acceptor material

In general, two classes of acceptor materials can be differentiated in organic solar cells:
Fullerene and non-fullerene acceptors. [32] Fullerene acceptors have been investigated in
more depth sooner than their non-fullerene counterparts.

Two popular fullerene acceptors are depicted in Figure ] These show on one hand high
electron mobilities, while on the other hand the band gap is large and the absorption
spectra is rather narrow compared to non-fullerene acceptors, meaning light absorbance
is low. [26] Otherwise, fullerenes and their derivatives also have high electron affinity,
the electron diffusion length is comparatively long and the exciton dissociation happens
quickly. [26] Furthermore, due to their fully-conjugated, spherical structure, they show
the advantage of isotropic electron transport, which enhances electron de-localization at
the donor-acceptor surfaces. [33]

Figure 4: Illustration of two fullerene acceptors: C¢y and PCBM, Reprinted by permission
from Springer Nature: Springer Nature, Photosynthesis Research (Organic Solar Cells:
An Overview Focusing on Active Layer Morphology, Travis L. Benanti et al, (Jan 9, 2006)

Non-fullerene acceptors in comparison have the major advantage of tunable energy
levels and broad absorption range in the visible region, but do have low electron mobili-
ties. [26] Furthermore, it appears that morphology control is a major necessity to achieve
high and reproducible power conversion efficiencies. [34] On the other hand, while using
low driving energies on fullerene based acceptors leads to high photocurrents but low
photovoltages, non-fullerene based acceptors depict only little voltage losses while main-
taining high photocurrents. [34]

One major difficulty in comparison to their fullerene counterparts is the anisotropic struc-
ture. [34] The necessary charge transfer and transport is relying on the 7w — 7r interactions
between donor and acceptors and thus on the molecular orientation. [34]

Generally, non-fullerene acceptors can be classified by their chemical structure in aro-
matic diimides and structures using the electron push-pull effects. [34] In Figure 5| the two
different classes of non-fullerene acceptors are depicted in a and b. Next to the two struc-
tures in a, the composition can be seen: For the acceptor to work properly, the conjugated
backbone has to be connected with an electron pushing organic group. [34] This atom is
then linked (via a conjugated structure) to a highly electron pulling organic group. [34]

8



Light exposure on this structure leads to charge transfer from the conjugated linkage to
the conjugated backbone.

As can be seen further in Figure 5|c, d, e and f, PCEs for small molecule acceptors were
already 9.5 %, for polymeric diimides 9.18 % and for ITIC derivatives 13.1 %.
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: (o 5 negative atom negative atom ‘ S
i |
g, | |
. O _C\. Conjugated linkage |

d  CgHyz_Ciotz
o

o Q00 L |
L1 —= L LT
sellvelsoll VN ”
8' 17
o7 N> g 0" N™~p0 o N~o N R CyoHg N2200 (acceptor]
R R R & SF-PDI, (acceptor) PCE = 9.5% {acceptor)
S V=111V CgH PCE =9.16%
PDI Dimeric PDI  Ar= 7 oc eHia
I~ CoHs V,, =085V
O R 0 R Je=15.2 mAcm2
N, L&o
[ CgH
(24— 4 1
) ~Ari-
Ol Sel
R O R O
NDI Polymeric NDI
CGH13 CZH
P3TEA (donor) CgHy3 PTzBI (donor)
C7H15
f
k CeHia
E
ON_CN N CN ONCN  GN_CN oy CN A
y_s ) CHy { )\ F Z
=[=C1 * =1 JCH, * i NC -\ CN
g Y ; C
0 o e g o o O O,
IT-4F (acceptor) E
ITCC IT-DM IT-M ITIC IT-4F CgHis
i i CoH PCE =13.1%
Weakenin, ICT effect Enhancing 25 C,H
. 2 CaHs 1%\ _os8v
C,Hs— Joo=20.5 mAcm2
CN CN ecNn F 2 -8 _F =
EHCN \ EH—OCI\I K EH—OCN \ E ;
N/ AN/ A,
= o} s o} s 0
PBDBT-T-SF (donor)
IEIC IEICO IEICO-4F
F S)-CiH,
IDT central unit C,H;

Figure 5: Well-known non-fullerene acceptors; (a) PV and CN-PPV: linkage to low and
high electron negative atoms; (b) typical PDI derivatives linked via Aryl; (c) Small
molecule diimides with corresponding donor and their photovoltaic characteristics; (d)
Polymeric diimides with used donor and their photovoltaic characteristics; (e) ITIC
derivatives (f) ITIC derivatives and the photovoltaic characteristics, Reprinted by permis-
sion from Springer Nature: Springer Nature, Nature Materials, (Organic solar cells based
on non-fullerene acceptors, Jianhui Hou et al), (2018), 08 August 2020 (doi: 10.1038/N-
MAT5063.)

Additionally, in Figure |5 b PDI-based acceptors are illustrated: Perylene-based ac-
ceptors are advantageous regarding their stability under ambient conditions and their
modularity. [35] Furthermore, the lifetime of the excited singlet state is long, leading to

higher chance for charge dissociation. [35]



In contrast to fullerene and the non-fullerene perylenediimide (PDI) acceptors, perylen-
emonoimide (PMI) acceptors are not investigated thoroughly yet despite their high ab-
sorptivities and fluorescence, [36] their high stability and low LUMO. [37]] Furthermore,
comparing PMI and PDI, both exhibit strong absorption and in both derivatives, the in-
fluence of the necessary substituents to enhance solubility on the absorption and emis-
sion are neglect-able due to the node formation at the imide positions in the HOMO and
LUMO state. [35]

Compared to PDI, PMI acceptors also exhibit a higher LUMO state, which can result in
better open-circuit voltages if the donor material exhibits a matching HOMO level. [38]
However, large scale synthesis is more difficult for PMI derivatives than for other non-
tullerene acceptors. [38] Additionally, they show 7 — 7 stacking, [39] resulting in low
solubility. [37]]

However, PMI-Aryl-PMI acceptor molecules have been investigated by Hu et al. in 2017,
as Figure | depicts: The highest PCE value (1.3%) was accomplished with the molecule
structure 9, thus a molecule chain of two thiophene units. [37] The structures 7, 8, 10, 12,
12 and 14 showed a PCE of 0.1 %. [37] Lastly, structure 11 achieved a PCE of 0.2 %. [37]

R Ry LY
o JIY 54 oo
e2ele gl s
S EHBE
511O o Ry =
Ry

PMI-Ar-PMI
RN - 4 S U .S
B
PMI-Ar-PMI 7 8 9 10 1
Ry :
o] o s
s 2
S = iy
d S
Ra !
12 13

Figure 6: Illustration of PMI-Aryl-PMI acceptor materials; Reprinted with permission
from (Hu, Y.; Chen, S.; Zhang, L.; Zhang, Y.; Yuan, Z.; Zhao, X.; Chen, Y. ]. Org. Chem.
2017, 82 (11), 5926 5931). Copyright (2020) American Chemical Society.

In Figure[7] further investigated PMI-Linker-PMI structures can be seen:
Alibegic successfully synthesized the acceptor molecule PMI-3HT-PMI, which reached a
PCE of 2.57 £0.11 in 2020 using PBDB-T as donor material with a donor-to-acceptor ratio
of 1:1. [9]

Schweda investigated the PMI based acceptors using oPh, mPh, pPh and Ph(PMI)s. The
acceptor material PMI-oPh-PMI reached a power conversion efficiency of 0.98 %, using
PBDB-T as donor material in a 1:1 ratio. [40] Although difficulties were observed regard-
ing the solubility, PMI-mPh-PMI achieved a power conversion efficiency of 1.904-0.08. [40]
PMI-pPh-PMI was even less soluble but still reached better efficiencies that PMI-oPh-PMI
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with a power conversion efficiency of 1.49+0.03 with a donor-to-acceptor ratio of 1:1, us-
ing PBDB-T as donor material. [40] Lastly, a power conversion efficiency of 0.12+0.02 was
achieved using PMI-Ph(PMI); using a 1:1 donor-to-acceptor ratio with PBDB-T as donor
material. [40]

In 2020, Fiirk investigated the two acceptor materials PMI-F(DEG)-PMI and PMI-C(DEG)-
PMI and reached 1.21+0.06 and 3.58+0.14, respectively. [41] In both cases, PBDB-T was
used as donor material in a donor-to-acceptor ratio of 1:1. However, while annealing the
active layer lead to a decrease in efficiency of PMI-F(DEG)-PM], it lead to an increase for
the solar cells using PMI-C(DEG)-PMI. [41] The PMI-F(DEG)-PMI solar cells on the other

hand showed improved performance after light-soaking for 4 minutes. [41]

Weber et al. researched the acceptor materials PMI-F-PMI, PMI-FN-PMI and PMI-FSi-
PMI in 2020: All cells were built with a donor-to-acceptor ratio of 1:0.67, using PBDB-T
as donor material. [42] Furthermore, annealing lead to an increase of crystallinity, which
enhanced the PCE for all three acceptors. [42] PMI-F-PMI needed the lowest annealing
temperature (135 °C) to reach 4.34+0.37, PMI-FN-PMI and PMI-FSi-PMI were annealed
at 150 °C and achieved 4.67+0.28 and 4.45+0.36, respectively. [42] PMI-F-PMI as acceptor
material reached an even higher PCE in 2017, as reported by Zhang et al.: The organic
solar cells used the donor:acceptor mixture PTZ1:PMI-F-PMI in a 2:1 ratio including the
solvent additives N-methyl pyrrolidone (0.5%) and diphenyl ether (0.5%) and achieved a

PCE of 6%. [43]
<) O~
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Figure 7: Illustration of PMI-Linker-PMI acceptor materials investigated by [9], [40], [41],
[42]
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However, the currently best organic solar cells using non-fullerene acceptors were
developed by Meng et al. and Liu et al. using a tandem architecture and single cell ar-
chitecture, respectively. Figure 8| depicts the device architecture as well as the used donor
and acceptor materials of the tandem cell developed by Meng et al., which achieved a
great PCE of 17.36%. [8] Liu et al. on the other hand blended the copolymer D18 and Y6,
depicted in Figure[9} and achieved a power conversion efficiency of 17.6 %. [44]

Ag
MoOx 2
PTB7-Th:06T-4F:PC,,BM
ZnO
M-PEDOT
PBDB-T:F-M
PFN-Br
ZnO
ITO

PTB7-Th

Figure 8: Chemical structures of the donor and acceptor materials of the tandem
cell by Meng et al., which achieved a PCE of 17.36%, From Lingxian Meng,Yamin
Zhang,Xiangjian Wan,Chenxi LiXin Zhang,Yanbo WangXin Ke,Zuo Xiao,Liming
Ding,Ruoxi Xia,Hin-Lap Yip,Yong Cao,Yongsheng Chen, Organic and solution-processed
tandem solar cells with 17.3% efficiency, Science, vol 361, no. 6407, [8]. Reprinted with

permission from AAAS.

D18 Y6
Figure 9: Chemical structures of the donor and acceptor materials of the tandem cell by
Meng et al., which achieved a PCE of 17.36%, Reprinted from Science Bulletin, Vol 65, Liu
Q. Jiang Y, Jin K,, Qin J., Xu J., Li W,, Xiong J., Liu J., Xiao Z., Sun K., Yang S, Zhang
X., Ding L., 18% Efficiency organic solar cells, 272-275, Copyright (2020), with permission

from Elsevier.
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3 Objective

The aim of this work is to investigate two PMI based acceptor materials for organic so-
lar cells. Due to the promising results of 2.574-0.11 of PMI-3-hexylthiophene-PMI (3HT)
(see Figure (10, molecule 2) and the large Stokes-shift between absorption and emisson of
88 nm [9], this acceptor material was compared to PMI-3,4-dihexylthiophene-PMI (DHT)
(see Figure 10, molecule 3) to investigate the influence of a second hexyl-chain on the op-
tical and electrical properties. Additionally, DFT calculations were carried out for both
acceptor materials to determine the optical band gap, the HOMO and LUMO energy lev-
els and the dihedral angles. Furthermore, the behaviour in solar cells was researched for
both materials. The main interest lies within possible improvements of the power con-
version efficiency (PCE) by using different active layer thicknesses, annealing conditions
and donor-to-acceptor ratios in the active layer.

Both acceptor materials were synthesized and characterized. In order to verify the struc-
ture and ensure sufficient quality, the synthesized materials were controlled via NMR
spectroscopy. The materials were characterized regarding their optical properties (i.e. ab-
sorption coefficient, band gap) using UV-vis spectroscopy and fluorescence spectroscopy.
The thermal properties were investigated using thermogravimetric analysis.

After assembling the solar cells, J-V plots were measured to gather information about
the power conversion efficiency and other solar cell characteristics like the open circuit

voltage. Additionally, the external quantum efficiency as well as maximum power point

tracking measurements were done.

(o] [e]
& O~ -0
- -5

1

Figure 10: Chemical structures of the synthesized materials; 1 - PMI-Linker-PMI
(acceptor-donor-acceptor), 2 - PMI-3HT-PMI, 3 - PMI-DHT-PMI
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4 Experimental

4.1 Density Functional Theory Calculations

The softwares used can be found in Table[1l

Table 1: Softwares used for the DFT calculations

Software Usage reason
ChemDraw 18.2 Structure Drawing
Chem3D 18.2 Pre-optimization
Gaussian 09 [45] | Geometrical Optimization, Band Gap Calculations
Avogadro Visualization HOMO-LUMO
Notepad ++ Input File Adaption

The optical optimization was done for the flipped and non-flipped-acceptor molecules
using Gaussian 09, with the 6-31+G(d,p) the functional set B3LYp. In order to reduce the
computing time, the imide groups and the hexyl-chains were substituted with methyl
groups. The molecule PMI-3HT-PMI was also computed one time with the hexyl-chain
to ensure, that the substitution of the hexyl-chain does not result in significantly different
results. Since no full conversion was reached, an UltraFine Grid was used. Generally, the
procedure for the calculations was as follows:

Firstly, the structure was drawn in ChemDraw and then pre-optimized in ChemDraw3D.
Subsequently. the geometrical optimization was done using Gaussian 09. Afterwards the
UV-Vis absorption as well as the HOMO and LUMO levels were calculated. Lastly, the
orbitals were visualized. Furthermore, the dihedral angles of the molecules were deter-

mined. The calculations were carried out together with Matiss Reinfelds.

Calculation - geometrical optimization:
#p B3LYP/6-31G(d,p) OPT=ReadFC Freq

Calulation - UV-vis spectra:
#p B3LYP/6-31+G(d,p) geom=checkpoint td(nstates=10)

4.2 Synthesis
4.21 General Experimental Procedure

In Table 2| the used chemicals, their suppliers and their purity grade are shown. The
chemicals were all purchased from the named resources and used as received without

turther purification.

Synthesis Perylenemonoimidebromine (PMI-Br)
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Table 2: Chemicals used for the synthesis of the acceptor materials

Chemical Supplier Purity grade
[1,1'Bis(diphenylphosphino)ferrocene] Fluorochem -
dichlorpalladium(II), Pd(dppf)Cl,
1,4-dioxane Sigma Aldrich 99.8%
2,5-dibromo-3,4-dihexylthiophene Sigma Aldrich 97%
2,5-dibromo-3-hexylthiophene Fluorochem -
Acetic acid, AcOH Sigma Aldrich 99.8%
Aliquat 336 Sigma Aldrich -
Bis(pinacolato)dibboron, Bpin-Bpin Fluorochem -
Bromine, Bry Sigma Aldrich > 99%
Chloroform, CHCl3 Fischer Chemical > 99.8%
Cyclohexane, CH VWR chemicals 100%
Deuterated chloroform with Eurisotop 99.8%
Tetramethylsilane, CDCl3+TMS
Dichlormethane, DCM Fischer Chemicals 99.8%
Ethyl acetate, EA Fischer Chemicals > 99.8%
Iodine, I» Sigma Aldrich > 99.99%
Methanol, MeOH VWR Chemicals 100%
Palladium-tetrakis(triphenylphosphine), Fluorochem -
Pd(PPhs)4
Perylenemonoimid TCl 98%
Potassium acetate, KOAc Acro Organics > 99%
Sodium sulfate, Na,SOy4 Carl Roth > 99%
Toluene VWR chemicals 99.5%

SSaiat

Figure 11: Synthesis route for PMI-Br

Brz.”z

AcOH

HBR.

PMI-Br

Table 3: Masses used for the Synthesis of PMI-Br

Name | Mass / mg | Volume / ml | Amount of Substance / mmol | Equivalent
PMI 4650 - 9.7 1
AcOH - 200 - -
I 103 - 0.4 0.04
Bry - 2 39.0 +

Both acceptor materials were synthesized using perylenemonoimide bromide (PMI-

Br) as an educt. Therefore PMI was first brominated, following the reaction scheme
shown in Figure(11|and using the masses declared in Table
Firstly, 4650 mg perylenemonoimide (PMI) (9.7 mmol, 1 eqv.) was mixed with 200 ml

acetic acid (AcOH) in a flask and stirred for 30 minutes. Subsequently, 90 mg iodine (I2)

(0.4 mmol, 0.04 eqv.) and 2 ml bromine (Brp) (39 mmol, 4 eqv.) were added and the so-

lution was stirred until full conversion was reached (two nights, control via TLC). Then
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the product was diluted in distilled water until a pH of 5 was reached and the precipitate

was filtered. The filter cake was dried in vacuum.
Yield: 3788 mg (7.87 mmol, 81%), dark red powder, C34BrNO; (560.49 g/mol)

Synthesis Perylenemonoimide-borpinacolester (PMI-Bpin)

BPin-BPin

Pd( dppf)CI2

1,4-dioxane r
PMI-Br PMI-Bpin

Figure 12: Synthesis route for PMI-Bpin

Table 4: Masses used for the Synthesis of PMI-Bpin

Name Mass / mg | Volume / ml | Amount of Substance / mmol | Equivalent
PMI-Br 3788 - 6.8 1
KOACc 1991 - 20.3 3
Pd(dppf)Cl, 497 - 0.7 0.09
Bpin-Bpin 2061 - 8.1 1.2
1,4-Dioxane - 80 - -

The transition from PMI-Br to perylenemonoimide boronic acid pinacole ester (PMI-
Bpin) was done following the reaction scheme depicted in Figure[12land using the masses
declared in Table 4 as follows:

1991 mg potassium acetate (KOAc) (20.3 mmol, 3 eqv.) and 497 mg tetrakis(triphenyl-
phosphine)-palladium (Pd(dppf)Cl,) (0.7 mmol, 0.09 eqv.) were weighed in in a flask
under inert conditions to prevent inactivation of the catalyst caused by oxygen expo-
sure. [46] Then 3788 mg PMI-Br (6.8 mmol, 1 eqv.) and 2061 mg bis(pinacolato)diboron
(Bpin-Bpin) (8.1 mmol, 1.2 eqv.) were added and the mixture was flushed with nitrogen
for 30 minutes. 80 ml dry 1,4-dioxane were added and the solution was stirred under
nitrogen-flow at 80 to 90 °C over night and turned dark red.

After ensuring full conversion using TLC, the solution was first concentrated by rotary-
evaporation and then extracted (3 times dichlormethane (DCM) and water (H,O). Then
it was 3 times washed with Brine). The solution was dried over 2 spoons of sodium sul-
fate (Na2SOy4) for 15 minutes and subsequently filtrated, washed with DCM and dried
using the rotary evaporator. A recrystallization was done using 40 ml toluene, left over

night and filtrated the next day. Two more recrystallizations were done equally.

Yield: 2155 mg, (3.55 mmol, 52%), orange powder, C49H33 BNO4 (607.56 g/mol)
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4.2.2 Synthesis of PMI-3HT-PMI

0.05 eq. Pd(PPhy),

Q 12ml 1M K,COs
m Aliquat 336

N o 100 ml Toluene
S N @ i BLILE NG

2,5-dibromo-

3-hexylthiophene PMI-BPin
21eq

Figure 13: Reaction scheme, PMI-3HT-PMI

Table 5: Masses used for the Synthesis of PMI-3HT-PMI

Name Mass / mg | Volume / ml | Amount of Substance / mmol | Eqv.
Dibromo-3HT 200 - 0.6 1

PMI-Bpin 893 - 1.5 24

Pd(PPhs)4 35.4 - 0.03 0.05
K>COs - 12 - -
Aliquat 336 - 2-3 drops - -
Toluene - 100 - -

Figure|[13|depicts the reaction scheme and Table 5 gives the amounts used in this reac-

tion.

Firstly, 200 mg 2,5-dibromo-3-hexylthiophene (dibromo-3HT) (0.6 mmol, 1 eqv.), 12 ml
1M potassium carbonate (K>COs3) and 2-3 drops Aliquat 336, to enhance reaction time [47],
were put into in a flask. 893 mg PMI-Bpin (1.5 mmol, 2.4 eqv.) and 100 ml toluene were
put together and stirred for 15 minutes. 12 ml (0.25 eqv.) of this mixture were trans-
ferred to the flask with the other compounds. The rest was put in a dropping funnel.
Both solutions were flushed with nitrogen for 2 h. 35.4 mg of the catalyst, palladium-
tetrakis(triphenylphosphine) (Pd(PPhs)4) (0.03 mmol, 0.05 eqv.), were added to the reac-
tion flask and the solution was flushed again with nitrogen for 30 minutes. Subsequently,
the solution was heated to 80-90°C while using a cooling funnel and after 25 minutes a
TLC showed full conversion of PMI-Bpin. Thus, another 0.25 eq. were dropped into the
reaction flask from the dropping funnel. This procedure was repeated until the needed
2.4 eqv. of PMI-Bpin were added.

The reaction was left over night and since the flask was free from black spots, mean-
ing the catalyst did not oxidize over night, another 100 mg PMI-Bpin (0.16 mmol, 0.26
eqv.) were added to the cold solution under inert conditions. Then the mixture was again
heated up to 80 - 90°C. After full conversion, the reaction mixture was cooled down and
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extracted as described in section 4.2.11

The solution was purified using ethylacetate (EA) or dichlormethane (DCM) and methanol
(MeOH) for recrystallization, with subsequent cooling in the fridge over night. The next
day cyclohexane (CH) was used to build two phases and improve the recrystallization
process. This was done three times. Then the solution was further purified using column
chromatography (with increasing concentration content of EA from 10% to 25%). This

was verified, as can be seen in the NMR spectra in section @ and compared with [48].
Yield: 47 mg (0.14 mmol, 23.5%), dark violet powder, C7s HgsN2O4S (1127.45 g/mol)

"H-NMR (500MHz, CDCl3) 6 = 8.71 - 8.67 (m, 4H), 8.60 - 8.59 (d, 1H, 3]y = 8.84 Hz),8.56 -
8.47 (m, 8H), 8.10 - 8.08 (d, 1H, 3Jyu= 8.24 Hz), 7.86 - 7.85 (d, 1H, Jyu= 8.03 Hz), 7.80 -
7.79 (d, 1H, 3Jgy= 7.81 Hz),7.77 - 7.69 (m, 2H) , 7.51 - 7.48 (t, 2H, 3Jyu= 7.74 Hz), 7.38 -
7.35 (t, 5H, 3Jyp= 7.84 Hz), 2.82 - 2.77 (sept, 4H, *Jgu= 6.65 Hz), 2.58 - 2.55 (t, 2H, 3Jyp=
7.20 Hz), 1.67 - 1.61 (m, 3H), 1.21 - 1.20 (d, 30H, 3Jyy= 6.88 Hz), 0.81 - 0.78 (t, 3H, 3Jyu=
7.24 Hz)

FT-IR ¥ (cm™): 2958, 2926, 1699, 1659 (OCNCO imide), 1579, 1459, 1353, 1242, 1187, 804,
751

18



4.2.3 Synthesis of PMI-DHT-PMI

Synthesis Approach 1

O
& + N . o Pd(PPhs),
" OO0k " >
Io) o Toluene
2,5-dibromo-3,4-

dihexylthiophene PMI-BPin

Figure 14: Reaction scheme for the synthesis of PMI-DHT-PMI, synthesis approach 1

Table 6: Masses used for the Synthesis of PMI-DHT-PMI, synthesis appraoch 1

Name Mass / mg | Volume / ml | Amount of Substance / mmol | Eqw.
Dibromo-DHT-PMI 160 - 0.4 1
PMI-Bpin 498 - 0.8 21
Pd(PPhg3)4 23 - 0.02 0.05
K>CO3, 1M - 1.8 - -
Aliquat 336 - 2-3 drops - -
Toluene - 18 - -

The first approach, see Figure[14and Table[6 was to weigh in 2,5-dibromo-3,4-dihexyl-
thiophene (dibromo-DHT) (160 mg, 0.4 mmol, 1 eqv.), potassium carbonate (K,CO3)
(1.8 ml), Aliquat 336, toluene (18 ml) and 2.1 eqv. of PMI-Bpin (498 mg, 0.8 mmol) in
a flask. Then the mixture was twice flushed with nitrogen. Subsequently the catalyst,
palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4) (23 mg, 0.02 mmol, 0.05 eqv.), was
added under inert conditions. Afterwards the mixture was heated to 80-90°C under in-
ert conditions and full conversion was reached the next day. After extraction, another
TLC was done and showed many by-products. During purification it turned out, that the
reaction did not result in sufficient amount of the desired product. This suggested, that
adding PMI-Bpin in excess favours conversion to the side-product perylenemonoimide-
perylenemonoimide (PMI-PMI) more than the reaction to the desired product. Thus,
another approach was tried.

Synthesis Approach 2

Figure[15|illustrates the reaction route, that was tried as a next approach. The masses
can be found in Table m Firstly, 2,5-dibromo-3,4-dihexylthiophene (dibromo-DHT) (362
mg, 0.9 mmol, 1 eqv.) was put in a 100 ml flask together with KOAc (519 mg, 5.3 mmol,
6 eqv.), Bpin-Bpin (538 mg, 2.1 mmol, 2.4 eqv.) and the catalyst Pd(ddpf)Cl, (65 mg, 0.08

mmol, 0.09 eqv.) under inert conditions. The mixture was again flushed with nitrogen
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Figure 15: Reaction scheme for the synthesis of Bpin-DHT-Bpin , synthesis approach 2)

Table 7: Masses used for the Synthesis of PMI-DHT-PMI, synthesis approach 2

Name Mass / mg | Volume / ml | Amount of Substance / mmol | Eqv.
Dibromo-DHT 362 - 0.9 1
Bpin-Bpin 538 - 2.1 24
Pd(dppf)Cl, 65 - 0.08 0.09
KOACc 519 - 5.3 6
Dry 1,4-dioxane - 12 - -

three times for 20 minutes before adding dry dioxane (12 ml). The solution was stirred
at 80-90°C under nitrogen flow. Within one hour the mixture turned dark red and the
reaction was held over night. The TLC under UV-light showed that the starting material
did not react fully, but that two products were formed. After evaporating the dioxane and
washing it with CH and a silica gel filtration was done. A NMR measurement was done
and showed that the product was 2,5-dihydrogen-3,4-dihexylthiophene, comparing with
Banishoeib et al. . [49]

Synthesis Approach 3

Toluene

KLQKJI R oy
Pd(PPh3),
. IgSgty
o o

2,5-dibromo-3,4-
dihexylthiophene PMI-BPin

Figure 16: Reaction scheme for the synthesis of PMI-DHT-PMI, synthesis approach 3

The reaction was carried out by Matiss Reinfelds. The synthesis approach was equal
to the synthesis of PMI-3HT-PMI, using the masses shown in Table |8 and following the
reaction scheme shown in Figure The extraction was also done by Matiss Reinfelds,
as described in section £.2.1

The purification was done by column chromatography, using CH and EA as eluent (start-

ing from 10% EA and increasing to 25% EA content). The purity and the structure were
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Table 8: Masses used for the Synthesis of PMI-DHT-PMI, synthesis appraoch 3

Name Mass / mg | Volume / ml | Amount of Substance / mmol | Eqw.
Dibromo-DHT 225 - 0.6 1
PMI-Bpin 734 - 1.2 22
Pd(PPhs)4 0.14 - 0.0001 0.0002
K>,CO;3, IM - 15 - -
Aliquat 336 - 2-3 drops - -
Toluene - 90 - -

verified with NMR-spectroscopy and can be found in section [6|and was compared with
[49].
Yield: 174 mg (0.14 mmol, 26%), dark orange powder, Cg4 H73N204S (1211.62 g/mol)

"H-NMR (500 MHz, CDCl3) § = 8.70 - 8.68 (d, 4H, 3Jgu= 7.00 Hz), 8.55 - 8.49 (m, 8H),
8.07 - 8.05 (d, 2H, 3Jyn= 8.36 Hz), 7.81 - 7.80 (d, 2H, 3Jyn= 8.17 Hz), 7.73 - 7.70 (t, 2H,
3uu= 8.01 Hz), 7.51 - 7.48 (t, 2H, 3Juu= 7.75 Hz), 7.36 - 7.35 (d, 4H, 3Jgu= 7.91 Hz),
2.83 - 2.75 (sept, 4H, 3Jyu= 6.86 Hz), 2.55 (s, 3H), 1.48 - 1.42 (quint, 4H,’Jyy= 7.61 Hz),
1.21-1.19 (d, 25H, 3Jyu= 6.83 Hz), 1.13 - 1.07 (m,11H), 0.75 - 0.72 (t, 6H, 3= 7.16 Hz)

FT-IR ¥ (cm™): 2924, 2860, 1697, 1655 (OCNCO imide), 1577, 1353, 1459, 1242, 1183, 808,
751

4.2.4 Characterization Methodology

Thin Layer Chromatography, TLC

The completion of the reactions as well as the purification processes were controlled us-
ing TLC. The TLC was done on silica gel 60 plates (Aluminium sheets, purchased from
Merck). The products and side products were visible. The eluent used was CH+EA, 3+1
if not otherwise mentioned.

Column Chromatography

The column chromatography was done using the Biotage Selekt Flash Chromatography.
The eluents were CH and EA for both acceptor materials and the concentration of EA was
slowly increased from 10% to 25%.

Nuclear Magenetic Resonance (NMR) Spectroscopy

The NMR-measurements were carried out using the following device:

Bruker Advance III spectrometer, 300MHz with an auto sampler for the first measure-
ments

Varian Inova 500, 500 MHz, Oxford Instruments for more precise measurements, carried
out by Petra Kaschnitz.
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Additional NMR experiments were carried out to approve the chemical structure, i.e.
13C, COSY, HSQC. The 'H NMR spectra can be found in section @ The used solvent was
CDClI3+TMS, thus the spectra were referenced against the TMS peak.

Thermogravimetric Analysis, TGA

The TGA measurements were undertaken by Josefine Hobisch on the STA 449C, Netzsch.
The measurement was done using a flow rate of 50 ml/min, a heating rate of 10 K/min, a
temperature range from 20 - 550 °C and Helium as the protective gas. The sample holder

was an aluminium pan.

UV-vis Spectroscopy

The absorption spectra were determined using the spectrometer “UV-1800”, Shimadzu.
For both linker materials the procedure was as follows:

Three stock solutions were prepared with slightly more than 1 mg diluted in 10 ml CHCls.
1 ml of these solutions was then diluted in 9 ml CHCl5. 2 ml of the diluted solutions were
mixed with 2 ml CHCl3. From the latter, again 2 ml were diluted in 2 ml CHCl;.

Using the obtained absorption spectra, the absorption coefficient and the band gap were
determined.

Fluorescence Spectroscopy

The measurements were taken together with Matiss Reinfelds and Tobias Burger. First,
measurements were undertaken on the UV-Visible Spectrophotometer Cary 50 Conc, Var-
ian to ensure an absorption maximum below 0.10. The measurement settings were as fol-

lows: Wavelength range: 500 nm - 900 nm; Slit Width: 1 nm; Scan Speed 70 nm/s

Then the fluorescence measurements were undertaken on the FluoroLog 3 spectrofluo-
rometer, Horiba Scientific Jobin Yvon using the photomultiplier R2658, Hamamatsu. The
measurements setttings were as follows: Wavelength range: 500 nm - 850 nm; Slit Width:
4 nm; Excitation Wavelength: 485 nm.

Fluoreszenzorange in CHCl3 was used as reference material (3 measurements). Three
samples were prepared for both acceptor materials by dissolving in CHCl3 until the ab-

sorption maximum was beneath 0.1.

Fourier Transformed Infrared (FT-IR) Spectroscopy
The measurements were undertaken on the Bruker Alpha FI-IR spectrometer with an
ATR-IR top unit, using the software Opus. The powder samples were measured by
putting them onto the detector and increasing the density by pressing the top crystal
onto the sample. The settings can be found in Table 9]
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Table 9: FT-IR measurement settings

R / cm-1 4

Background Scans 24

Probe 48
Range / cm-1 4000 - 400

4.3 Organic Photovoltaics

4.3.1 General Methods

Table 10: Chemicals and Materials used for construction of the solar cells.
Chemical Supplier Purity grade
2-methoxyethanol Sigma Aldrich 99.8%
2-propanol Carl Roth > 99.8%
Chlorobenzene, CB Sigma Aldrich 99.8%
Ethanolamine Sigma Aldrich > 99.9%
ITO coated on glass substrate, 15x15x0.1mm Lumtec -
Molybdenum oxide, MoO3 Sigma Aldrich 99.98%
PBDB-T One Material -
Silver, Ag Kurt J. Lesker Company 99.999%
Zinc acetate dihydrate, ZnAc-H,O Emsure 99.5%

The glass-substrate with an ITO-layer, as well as the donor material PBDB-T were
purchased from a commercial resource. The two acceptor-materials were mixed with

PBDB-T in varying ratios (donor-to-acceptor ratio 1:1 / 2:3 / 3:2).

Table 11: Devices used for the construction of the solar cells

Device Manufacturer
Ultrasonic Cleaner VWR
Plasma etcher Femto Diener Electronics
Glove box: LabMaster dp MBraun
Spin coater: WS-650MZ-23NPPB | Laurel Technologies
Thermal Evaporator: SQM-160 Inficon

The general construction was done as follows:
First the donor and the acceptor were weighed in in different flasks and mixed with the
solvent (chlorobenzene (CB), donor: 20 ul per substrate + 30 ul loss, acceptor: 20 ul per
substrate + 60 ul loss). The donor and the acceptor mixtures were stirred for 15 minutes
at a temperature of 50°C.

The ITO-coated substrates were labelled on the right upper corner of the non-conductive
side (=glass side) and subsequently cleaned with distilled water and acetone.

Afterwards, the substrates were cleaned in an isopropanol bath using Ultrasonication
(40°C, 60 minutes). Then the glass substrates were dried with nitrogen and plasma-etched

for 3 minutes using oxygen plasma.
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The next step was spin-coating the ZnO layer onto the ITO-coating (spin-coater settings
see Table [12) with a subsequent annealing step (T=150°C, t=15 min). The ZnO solution
was prepared by Bettina Schweda: The first step was weighing in ZnAc*H,;0 (506 mg),
2-methoxyethanol (5 ml) and ethanolamine (150 ul) under inert conditions. Then the
solution was stirred over night under ambient conditions. Then the solution was further

stirred under inert conditions.

Table 12: General Spin-Coater settings;
Rot. Speed ... Rotational Speed, Acc. ... Acceleration

Material | Step | Volume/ ul | Time /s | Rot. Speed / rpm | Acc. /rpm/s
ZnO 1/1 35 30 4000 2000
D-A mixture | 1/2 20 60 various 500
2/2 - 5 4000 4000

Afterwards, the necessary acceptor mixture was transferred to the donor mixture and
the solution was stirred for 15 minutes at 80°C and then stirred over night at room tem-
perature. Then the donor-acceptor mixture was spin-coated on top (varying rotational
speeds), followed by cutting the electrode spacings free with a knife. Then a MoO3 layer
and then the silver electrode were evaporated on top using shadow masks under mini-
mum vacuum conditions of 1x107° (device settings see Table .

Table 13: Thermal Evaporator Settings

Material | Thickness / nm | Deposition rate / A/s | Density / g/cm® | Z-factor | Tooling
MoOs3 10 0.1 4.70 1.000 50
Ag 100 1.0-1.2 10.50 0.529 37

The J-V-curves were measured (10ms measurement time, light intensity = 100 mW /cm?)
and the best solar cells were measured again after 10 minutes of light soaking. Further-

more, the thickness of the active layer was measured. Further details on the characteriza-
tion can be found in section

4.3.2 Solar Cell Characterization

J-V measurements

The J-V characteristics were measured with light exposure of 100 mW /cm? and with-
out light exposure using Dedolight DEB400D lamp. Keithley 2400 SourceMeter and Lab-
View were used for the measurements. The settings for the measurement can be found in
Table|14} The active area of the solar cells is 0.070225 cm?. The resulting Voc, Jsc. FF and
PCE values were averaged, including only the five best cells. The light-soaking effect was
measured for the best cells (10 minutes light exposure).
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Table 14: J-V measurement settings
Start | End | Compliance | Number of | Overwrite Max. | Delay | Step Widths
/mV | /mV / mA Points / 100 | Compliance / mA | /ms IV
1500 | -500 100 100 500 100 -0.02

Layer thickness determination

The first step was to scrape away a thin line of the active layer of the solar cells with a
blade. Then the layer thickness was measured with a contact profilometer DektaXT from
Bruker on three different spots and subsequently averaged.

Light Microscopy
Light microscopy pictures were taken of the active layer with the microscope BX80, Olym-
pus and a connected camera. The pictures were taken in different magnifications (50x,

100x, 200x, 500x, 1000x) and used for a qualitative evaluation of the film quality.

External Quantum Efficiency, EQE

The External Quantum Efficiency was measured for the best cells. The measurement was
taken using a xenon lamp (LPS210-U, Amko). The light was going through a monochro-
mator (Multimode 4-AT monochromator, Amko) and the incident photon-to current ef-
ticiency was measured using Keithley 2400 SourceMeter. The solar cell was put into a
measure box under inert conditions, the EQE measurement was held under normal con-
ditions. Although the oxygen exposure during the measurement was very low due to
the used measurement box, a complete prevention of oxygen exposure was not achieved.
The measurement was taken in a wavelength range from 350 nm to 900 nm.

Maximum Power Point Tracking, MPP

The Maximum Power Point Tracking was done to observe on one hand the light-soaking
effects and on the other hand the stability of the PCE over time. The measurement was
done with a light exposure of 100 mW /cm? using Dedolight DEB400D lamp. Keithley
2400 SourceMeter and LabView (mpp.vi) were used. The settings for the measurement
can be found in Table[15. The active area of the solar cells is 0.070225 cm?.

Table 15: Settings for the Maximum Power Point Tracking Measurement
Loop time / ms | MPP/ mV | Lightgain / mW/cm?
5000 0.5 293000

UV-vis Spectroscopy

The absorption spectra was determined using the spectrometer “UV-1800”, Shimadzu.
For both acceptor materials and the donor material the procedure was as follows:

A 10 mg/ml solution in CB was done for each acceptor material, the donor material and
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for the acceptor-donor mixture for both acceptor materials (ratio 1:1). The glass substrates
were cleaned using acetone, followed by plasma etching (3 minutes, oxygen plasma).
Then the solutions were spin-coated on top of the glass substrates. The UV-vis spectra

were recorded using a clean glass substrate as reference from 400 to 700 nm.
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5 Results and Discussion

5.1 Results based on Density Functional Theory

The density functional theory (DFT) calculations were done for both acceptor materials.
Since the imide groups and the hexyl-chains do not contribute to the optical properties
of the molecules, both were substituted with methyl groups. For control purposes, one
structure was additionally calculated with the hexyl-chain (PMI-3HT-hex-PMI). Further-
more, the calculations were done for the flipped and non-flipped structures, as depicted
for PMI-3HT-PMI in Figure The first step, was the geometrical optimization. Sub-
sequently, the dihedral angles were measured, as depicted in Figure Taking a look
at Table one can see that there are only slight differences between the dihedral an-
gles of PMI-3HT-PM], flipped and PMI-3HT-hex-PM]I, flipped, as expected. Furthermore,
especially the side with the hexyl-chain (left angle) shows great differences between the
flipped and non-flipped state. Generally, the left and the right angle are different for the
flipped and the non-flipped state of PMI-3HT-PMI. On the other hand, the flipped state
of PMI-DHT-PMI is symmetrical, while the non-flipped state shows a difference between
the left and the right angle in the same order as PMI-3HT-PMI. Furthermore, the dif-
ference between angles of the flipped and non-flipped state is more pronounced for the
left angle of PMI-DHT-PMI. Comparing PMI-3HT-PMI and PMI-DHT-PMI, both acceptor

molecules show dihedral angles of equal magnitude.

Figure 17: Illustration of the (a) non-flipped and (b) flipped molecules using PMI-3HT-
PMI as an example

Figure 18: Illustration of the dihedral angles measured using PMI-3HT-PMI as an exam-
ple

The next step was the calculation of the corresponding HOMO and LUMO levels, as
well as of the optical band gap and the absorption maximum wavelength. The results are
summarized in Table 17} Comparing the flipped and non-flipped states of both acceptor
materials respectively, they show similar results in general. Furthermore, both acceptor
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Table 16: Dihedral angels for all calculated structures

Molecule Angle in gas phase, left/ ° | Angle in gas phase, right/°
PMI-3HT-PMI, non-flipped 58.5 53.4
PMI-3HT-PMJ, flipped 68.7 54.0
PMI-3HT-hex-PM], flipped 66.8 53.9
PMI-DHT-PMI, non-flipped 60.2 68.5
PMI-DHT-PMI, flipped 69.5 69.5

molecules show greater oscillator strength (f) and wavelengths (A°PY) but lower optical
band gaps (E¢°P") for the flipped state. Moreover, the difference between the flipped and
non-flipped states is significant, which is assumed to be due to the different molecular
geometry. Additionally, it can be seen in Table (17} that the simplification of the molecules
by substituting the hexyl-chains did not lead to significant changes in the results. Fur-
thermore, there are only slight differences between the two different acceptor materials
as well, which supports once more the independence of optical characteristics on intro-
duced hexyl-chains. This can also be seen by comparing Figure |19 and The flipped
PMI-3HT-PMI and the flipped PMI-3HT-hex-PMI show similar behaviour for the HOMO-
LUMO transition. However, comparing the non-flipped and flipped PMI-3HT-PMI, one
can see that the non-flipped state shows charge transfer from the thiophene unit to the
PMI units, while in case of the flipped PMI-3HT-PMI charge is remaining more promi-
nently on the sulfur atom of the thiophene unit. This behaviour can also be observed for
PMI-DHT-PMI.

Furthermore, the graphical representation of the HOMO and LUMO levels for all cal-
culated molecules as well as for the donor material (PBDB-T), the two interlayers (ZnO,
MoO3) and the two electrodes (ITO, Ag) can be found in Figure 22| The figure depicts the
good matching between the energy levels of the used materials.

Table 17: Results of the DFT-based calculations regarding the optical properties of the
acceptor materials

Molecule HOMO/eV LUMO/eV EP'/eV A°P'/nm f
PMI-3HT-PMI,non-flipped 3.32 5.74 2.15 577 1.00
PMI-3HT-PML flipped 3.47 5.48 1.86 668 1.62
PMI-3HT—heX-PMI,ﬂipped 3.44 5.46 1.86 667 1.60
PMI-DHT-PMI,non-flipped 3.29 5.76 2.22 560 0.96
PMI—DHT—PMLﬂipped 3.42 5.45 1.86 666 1.50
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3HT, non-flipped 3HT, flipped

Figure 19: Calculated HOMO-LUMO transition for PMI-3HT-PMI, left: non-flipped,
right: flipped

3HT-hex, flipped

Figure 20: Calculated HOMO-LUMO transition for PMI-3HT-hex-PMI with hexylchain,
flipped

5.2 Synthesis of PMI-based Acceptors

In Figure 23| the different synthesis steps are depicted.

General Synthesis Route for the acceptor materials
The principal synthesis route was for both acceptor materials the same, as illustrated in
reaction schemes 3 and 4 in Figure
The linker molecules (2,5-dibromine-3-hexyl-thiophene; 2,5-dibromine-3,4-dihexyl-thiophene)
were used in a Suzuki-Coupling reaction, shown in Figure

Therefore, the linker molecule was mixed with PMI-Bpin and K;COj3 as a base to
activate the transmetallation of the boronic PMI-Bpin. Toluene was used as a solvent.
Pd(PPh3),; was added to the mixture under inert conditions to intervene oxidation and
prevent inactivation of the catalyst. [46]
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Figure 21: Calculated HOMO-LUMO transition for PMI-DHT-PMI, left: non-flipped,
right: flipped
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Figure 22: Comparison of the energy levels of all materials used

The products were then extracted using HyOy;s;; and DCM to remove the base. Purifi-
cation was done via column chromatography, recrystallization and precipitation. The
purity and the structure were verified via NMR spectroscopy. The reactions were straight
forward and are described in detail in section £.2.1]

5.2.1 PMI-3HT-PMI

A detailed description of the synthesis can be found in section

The purification of remained product from Sanela Alibegic turned out to be difficult due

to the appearance of a by-product, which is believed to be PMI-PMI and showed almost
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PMI-Br

KOAc
Pd(dppfCl

2 BPin-BPin
1,4-dioxane

IR

PMI-Bpin

Figure 23: General Synthesis procedure
1 - PMI-Br synthesis route, 2 - PMI-Bpin synthesis route, 3 - PMI-3HT-PMI synthesis route,
4 - PMI-DHT-PMI synthesis route

equal R¢ value (see Figure 25). This supported the approach to try a different synthesis
route. Different synthesis approaches were done for producing PMI-DHT-PMI, and the
best working approach with easy purification due to very little by-products was applied
also for PMI-3HT-PMI due to their similar structure.

During the synthesis, 0.25 eqv. of PMI-Bpin were added every 20-25 minutes after en-
suring full conversion to prevent the formation of the by-product (PMI-PMI). Although
there were less side-products compared to the remaining product that was only purified,

purification was still challenging.
The first approach was trying different eluents to separate the product from the by-

products. The best eluent was CH+EA, 3+1, but still multiple column chromatographies

were necessary.
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Figure 24: Suzuki Coupling Mechanism, Reprinted with permission from [46]. Copyright
(1996) American Chemical Society

Figure 25: Illustration of the TLC for PMI-3HT-PM], including the product (upper spot)
and the by-product (spot below)

Another attempt was recrystallization using EA as solvent. Since this did not improve

the quality as hoped, the anti-solvent CH was added. This approach did remove parts of
the difficult side-product.

Building a precipitate using DCM and MeOH did also increase quality only partially.

5.2.2 PMI-DHT-PMI
A detailed description of all synthesis approaches can be found in section
Due to the faced difficulties for PMI-3HT-PMI regarding the amount of by-products and

the similarity to the chemical structure between both linker materials, different synthesis
routes were tried for PMI-DHT-PMI.
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Synthesis Approach 1
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o o Toluene
2,5-dibromo-3,4-

dihexylthiophene PMI-BPin

Figure 26: Reaction scheme for the synthesis of PMI-DHT-PMI, synthesis approach 1

The first approach (see Figure was to put the educts dibromo-DHT, K,COs3, Ali-
quat 336, toluene and PMI-Bpin in a flask. After ensuring inert conditions via flushing
the flask with nitrogen, the catalyst, Pd(PPh3)4, was added. The solution was reacting
over night under a temperature of 80-90°C under inert conditions until full conversion
was reached. After extraction, the TLC showed many by-products. During purification
it turned out, that the reaction did not result in sufficient amount of the desired product.
This suggested, that adding PMI-Bpin in excess favours conversion to the side-product
PMI-PMI more than the reaction to the desired product. Thus, another approach was
tried.

Synthesis Approach 2

B Pd(dppf)Cl, \
—_—

O—B
dry KOAc \
—— - i b
Br 1,4-dioxane

Figure 27: Reaction scheme for the synthesis of Bpin-DHT-Bpin, synthesis approach 2

The next approach was to first convert dibromo-DHT to bpin-DHT-bpin, as depicted
in Figure27] and then utilize PMI-Br as a coupling partner to obtain the desired product.
Therefore, dibromo-DHT, KOAc, Bpin-Bpin and the catalyst Pd(ddpf)Cl, were weighed
in in a flask under inert conditions. After flushing the mixture with nitrogen three times
to ensure that any remaining oxygen in the flask can be excluded, dry dioxane was added.
Within one hour of stirring the solution at 80-90°C, the solution turned dark red. The re-
action was continued over night. The next day, the TLC under UV-light showed no full
conversion of the starting material. Nonetheless, the solution was distilled via rotary-
evaporation and subsequently washed with CH. A silica gel filtration was done and the
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NMR spectra of the product showed the reaction to DHT instead of the desired prod-
uct, comparing with Banishoeib et. al. [49] It has been reported, that the use of hetero-
cyclic, electron-rich boronates like Bpin-thiophene promotes protodeboronation. [50] Al-
though in this reaction approach Bpin-Bpin was used and not Bpin-thiophene, the educt
dibromo-DHT and Bpin-Bpin probably built the intermediate product Bpin-DHT-Bpin
followed by protodeboronation to 3,4-dihexylthiophene.

Synthesis Approach 3

O
Pd(PPh
«L5,  + W o o T
< -+
o o Toluene

2,5-dibromo-3,4- .
dihexylthiophene PMI-BPin

Figure 28: Reaction scheme for the synthesis of PMI-DHT-PMI, synthesis approach 3

The third approach (see Figure was in principal the same as the first approach,
but this time only 0.25 eqv. of PMI-Bpin was added to the reaction until full conversion
was reached. After full conversion, again 0.25 eqv. were added and this procedure was
repeated until the full amount of PMI-Bpin was added. However, this reaction was done
by Matiss Reinfelds and is described in more detail in section The side products
were less, thus strengthening the assumption that excess of PMI-Bpin favours the reac-
tion of undesired by-products.
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5.3 Compound Characterization

Thermogravimetric Analysis, TGA

The thermal stability was measured for both acceptor materials by Josefine Hobisch using
thermogravimetric analysis, as can be seen in Figure The blue line depicts the mass
loss as a function of temperature for PMI-DHT-PMI and the red line illustrates the mass
loss for PMI-3HT-PML

PMI-3HT-PMI started to slowly lose mass at 94°C suggesting that there was still solvent
remaining in the sample. The total mass loss was 26.7% at 540°C. PMI-DHT-PMI on
the other hand showed a rather sudden start of weight loss at 428°C. At the end of the
measurement at 540°C a mass loss of 25.1% was reached.
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Figure 29: TGA measurement of PMI-3HT-PMI (red, 3HT) and PMI-DHT-PMI (blue,
DHT)
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UV-vis Spectroscopy in solution

The absorption was measured for both acceptor materials in solutions of CHCl3, as can
be seen in Figure 30| Furthermore, the molar absorption coefficients and the optical band
gap were determined:

PMI-3HT-PMI showed an absorption maximum at 530 nm, a molar absorption coefficient
of 8.8 - 10* Mlem™ and a optical band gap of 586 nm (2.12 eV). PMI-DHT-PMI had the
absorption maximum at 529 nm, the molar coefficient was 11.3 - 10* Mlem™ and the
optical band gap was 567 nm (2.19 eV). Furthermore, both acceptor material showed a
local maximum at 488 nm, although it is more pronounced for PMI-DHT-PML

—— Absorbance, 3HT
0.8 —— Absorbance, DHT
0,6
o
e
S 044
2
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Figure 30: UV-vis absorbance spectra, PMI-3HT-PMI and PMI-DHT-PMI in comparison
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Fluorescence Spectroscopy

The fluorescence spectra can be seen in Figure 31} The emission maxima were at 614 nm
and 590 nm for PMI-3HT-PMI and PMI-DHT-PM]I, respectively. Considering the absorp-
tion maxima (PMI-3HT-PMI: 530 nm, PMI-DHT-PMI: 529 nm), the determined Stokes
shifts were 84 nm (PMI-3HT-PMI) and 61 nm (PMI-DHT-PMI). The fluorescence quan-
tum yields were determined to be ®=20%(PMI-3HT-PMI) and ®=29% (PMI-DHT-PMI),
using Fluoreszenzorange as a reference ($=98%).
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Figure 31: Absorbance and Emission spectra of both acceptor materials
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UV-vis Spectroscopy of the layers

The absorbance spectra of the layers of the two acceptors materials, as well as the donor
material (PBDB-T) and 1:1 mixtures of each acceptor material and the donor were mea-
sured before and after heat treatment (t=10 minutes, T=160 °C). The results are shown
in Figure The absorption spectra for the acceptor materials in thin films and the ab-
sorption spectra in solution show a similar shape. However, while the thin film of PMI-
3HT-PMI is not shifted compared to the UV-vis spectra in solution of PMI-3HT-PMI and
shows an absorption maximum at 530nm, the PMI-DHT-PMI is slightly red-shifted to 533
nm. Furthermore, comparing the tempered and not tempered samples, one can see slight
changes in the absorption spectra as well:

As already Liang et al. observed, thermal annealing yields in improved crystallinity of
the donor material PBDB-T. [51] This enhancement in crystallinity results in a red-shift
of the maximum peak from 623 nm to 628 nm. Furthermore, also the absorption spec-
tra of both donor-acceptor mixtures illustrate, that the influence of thermal annealing is
stronger for PBDB-T by showing a stronger change of the spectra in the PBDB-T range.
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Figure 32: UV-vis absorbance spectra of the annealed (=an) and not annealed layers of
both acceptor materials, the donor PBDB-T (=D), and both acceptor-donor mixtures
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Figure 33: XRD measurements of PMI-3HT-PMI and PMI-DHT-PMI before and after an-
nealing at 160°C for 10 minutes

X-ray diffraction, XRD

The XRD measurements were undertaken by Thomas Rath on drop-casted films be-
fore and after thermal annealing (t=10 minutes, T=160°C), as can be seen in Figure
Generally, a slight increase of the intensities can be observed for the annealed thin films.
Both samples show a peak at 4.1 nm™. Furthermore, PMI-DHT-PMI depicts another
broad peak at about 17 nm, while this peak cannot be clearly seen for PMI-MHT-PMI.
This peak was also reported by Weber et al. for perylenemonoimide based acceptor ma-
terials using fluorene, silafluorene or carbazole as linker compounds and was correlated
with 7w — 7t stacking. [42] On the other hand, PMI-MHT-PMI shows a clear peak for the
non-annealed sample at 12.8 nm. All in all, the peaks are slightly more pronounced for
PMI-DHT-PMI, suggesting a higher crystallinity. Nonetheless, both samples do not show

pronounced crystallinity.
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5.4 Organic Photovoltaics

The solar cells were all constructed using PBDB-T as a donor material. For both acceptor
materials, the influence of the thickness of the active layer was investigated, as well as
the impact of different donor-to-acceptor ratios. Furthermore, two different heat treat-
ments were tried (solvent vapor annealing vs thermal annealing). The stability over time
was tested using maximum power point tracking. Lastly, external quantum efficiencies

measurements were done.

54.1 PMI-3HT-PMI

For practise purposes, the very first experiment was done with not completely pure PMI-
3HT-PMI to avoid common mistakes that might occur during the first try with the pure
acceptor material. However, the results obtained were the best for the acceptor material
PMI-3HT-PMI and can be found in Table|18| First of all, one can notice that the active layer
thickness of all assembled solar cells in Table|18is only 34 to 43 nm, while the best solar
cells assembled by Sanela Alibegic showed a layer thickness of 56 nm. [9] For both cases,
the active layer thickness is below the ideal thickness of 100 nm. Furthermore, there is a
rapid growth of the power conversion efficiency to 1.10 % with a layer thickness of 43 nm
compared to the solar cells assembled with 1000 or 1500 rpm and a layer thickness of 36
and 34 nm, respectively. However, the solar cell assembled with a rotational speed of 2500
rpm resulted also in an active layer thickness of 36 nm but in greater power conversion
efficiency of 0.95 %. The best solar cell in this experiment gave an open-circuit voltage of
1.01 'V, a short-circuit current of 3.13 mA and a fill factor of 35 %.

Table 18: Solar cell characteristics for differing rotational speeds for not fully pure PMI-
3HT-PMI with PBDB-T, d:a ratio 1:1, 10 mg/ml
w...rotational speed, t...thickness
wrpm | t/nm | PCE/% Voc/V Jsc/ mA | FF/ %

1000 36 | 0.58+0.02|090+0.01|157+0.05 41+1

1500 34 |058+050|060+047|1.74+1.66|45+3

2000 43 110+ 0.08 | 1.01 £0.02 | 3.13 = 0.10 | 35 =2

2500 36 | 0.95+0.13 093 4+0.01 | 2.82+0.06 | 36 =1

The next attempt was testing different rotational speeds for spin-coating the active
layer to find the optimum thickness, using pure PMI-3HT-PMI in a 1:1 donor-to-acceptor
ratio. Table [19 shows the results of this experiment. The best power conversion efficien-
cies were reached for the solar cells with an active layer thickness of 51 to 55 nm. The solar
cells within this layer thickness range did not show great performance differences. The
best solar cell achieved a power conversion efficiency of 0.87 %, an open-circuit voltage
of 0.65V, a short-circuit current of 3.37 mA and a fill factor of 40 % with a layer thickness
of 51 nm. All solar cells with a layer thickness below 63 nm showed a decrease of the

power conversion efficiency, the open-circuit voltage and the short-circuit current after
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annealing. Since the solar cells were annealed after evaporating MoOs3; and Ag on top of
the active layer, it is assumed that the electrode deteriorated the active layer during the
annealing step, which results in lower power conversion efficiencies. However, the solar
cells with thicker active layers showed slightly increasing power conversion efficiencies.
Thus, the active layer was thick enough to sufficiently prevent the deterioration process.
Furthermore, light-soaking did not improve the performance of the solar cells in general.

Table 19: Solar cell characteristics for differing rotational speeds for PMI-3HT-PMI with
PBDB-T before and after annealing (t=10 minutes, T=160 °C) and light-soaking after an-
nealing (LS, 10 minutes)

d:a ratio 1:1, 15 mg/ml

w...rotational speed, t...thickness, LS...light-soaking, max...best cell

w/rpm | t/nm | Annealed? | PCE/% Voc/V Jsc/mA | FF/ %

1000 78 + 1 No 032+0.03|062+0.02| 141 +0.10 |37+1

Yes 035+0.02|044 +0.02| 1.71 £0.09 |47+ 1

No 042 +0.10 | 068 +0.10 | 1.83 £0.27 |34+ 1

1200 71+ 8 Yes 0.57 +0.03 | 0.56 £ 0.05 | 229 +0.24 |45+ 2

Yes+LS | 057 +0.04 | 052 £0.05| 229 £024 |45+2

No 0.58 +0.07 | 0.62 +0.04 | 247 +0.14 |38+ 1

1400 63 + 4 Yes 046 £0.04 | 042 +0.02 | 236 £0.09 |46 +£1

1600 5 45 No 0.66 +0.14 | 0.60 + 0.05 | 2.86 +0.18 | 38 +4

Yes 043 £0.05|0384+0.02| 250+0.14 |46+ 1

1800 52+ 5 No 0.72 +0.09 | 0.65 + 0.07 | 3.084+0.10 |36+ 1

No 0.68 +0.05 | 0.62+0.04 | 295+ 0.19 |38+ 1

2000 | 55412 Yes 049 £0.04 | 038 £0.03 | 279 £0.15 |47 £ 1

Yes+LS |045+0.04 | 0.35+0.03| 279 +£0.18 |46 £ 1

No 0.70 £0.10 | 0.58 +0.05 | 3.10 £0.17 |39+ 1

2200 51+5 Yes 049 £0.04 | 038 £0.03 | 279 +£0.15 |47 +1

Yes+ LS | 0.414+0.05|0344+0.02|262+0.121 | 45+1

No 0.62+0.16 | 0.53 +0.09 | 3.124+0.23 | 37 +2

2400 52£5 Yes 0.374+0.10 | 0324+ 0.05| 262 +0.18 |43 +4
2200 51+5 | No, max 0.87 0.65 3.37 40

The next step was to analyze the influence of different donor-to-acceptor ratios on the
solar cell performance, as shown in Table[20} Generally, the solar cells with lower acceptor
content (3:2 ratio) outperformed those with higher acceptor content (2:3 ratio), which
could be due to better phase separation. Furthermore, the rotational speed influenced the
active layer thickness significantly in case of a 3:2 ratio while in case of a 2:3 ratio the layer
thickness was independent of the rotational speed. However, in both cases, the solar cells
performed best with a layer thickness of about 52 nm. The best solar cell with a 3:2 ratio
reached a power conversion efficiency of 0.76 %, a open-circuit voltage of 0.59 V and a
short circuit current of 2.81 mA with a thickness of 52 nm, while the best solar cell with a
2:3 ratio achieved a power conversion efficiency of 0.67 %, a open-circuit voltage of 0.49
V and a short-circuit current of 3.02 mA with a thickness of 51 nm. Additionally, light-

soaking did not change or worsened the performance of solar cells with a 2:3 ratio, while
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a slight improvement was observed for solar cells with a 3:2 ratio and a layer thickness of

52 nm.

Table 20: Influence of donor-to-acceptor ratios on the solar cell characteristics using PMI-
3HT-PMI as acceptor material and applying an annealing step (T=160 °C, t=10 minutes)
d:a ratios 3:2 and 2:3, 15 mg/ml, annealing time: 10 minutes

w...rotational speed, t...thickness, info...information, max...maximum values reached,

LS.. light-soaking 10 minutes

d:aratio | w/rpm | t/nm Info PCE /% Voc/V Jsc/mA | FF/%
034 +0.02 049 +£0.02 | 1.50+0.07 | 47+ 1
1000 78+1 LS 032 +0.03|050+£002|144+005| 45+1
30 1400 |70 +10 0.43+0.01 | 0.55+0.03 | 1.83+0.06 | 43+ 1
' 1800 63 +4 050 £0.04 | 0.55+0.02 | 2134+0.12 | 42+ 1
0.69 +£0.05|0.62+0.03|265+013 | 42+1
2200 52+5 LS 0.704+0.05]059+0.02 | 283 +0.12 | 42+1
02340.02]044+0.02 | 1.19+0.09 | 44+3
1000 5241 LS 023 +0.01|042+0.02|1.27 008 | 43+2
23 1400 55 + 11 043 +0.04|044+£002|224+011 | 44+1
' 1800 51+5 0.58 +£0.07 | 0.47 +0.03 | 279 £ 0.16 | 45+ 1
054 +0.05|044 +£0.02|2764+019 | 44+1
2200 52£5 LS 0.34 +£0.28 | 0.25 +0.20 | 2.10 = 1.59 | 66 + 28
3:2 2200 LS, max 0.76 0.59 2.81 43
2:3 1800 max 0.67 0.49 3.02 45

Another approach was to use solvent vapor annealing instead of thermal annealing.

The solvent used was CB and the results can be found in Table[21] In this case the best cell
reached a power conversion efficiency of 0.74 %, an open-circuit voltage of 0.73 V and a
short-circuit current of 2.17 mA. However, compared to the solar cells with a 3:2 ratio and

thermal annealing, the solar cell performance was slightly lower.

Table 21: Influence of solvent vapor annealing (solvent: CB, 160 °C, 10 minutes) on the so-
lar cell characteristics, using PMI-3HT-PMI as acceptor material and a donor-to-acceptor
ratio of 3:2.

w...rotational speed, LS.. light-soaking, max...maximum values achieved

w [ rpm Info PCE /% Voc/V Jsc / mA FF / %
1000 0.65 4+ 0.07 | 0.70 £ 0.02 | 2.01 +0.17 | 46 + 0.01
LS 059 +£0.08 | 0.654+0.02 | 1.90 £0.20 | 48+1
2900 038 4+0.04 | 054 +0.01 |1.37+0.10| 52+1
LS 040+0.04 | 0.534+0.02 | 1.64£0.10| 51+1
1000 max 0.74 0.73 2.17 47
2200 | max, LS 0.45 0.55 1.64 51 +1

TheJ-V curve of the best cell in Table[I9can be found in Figure[34. The red (light) curve
shows a greater incline than the blue (dark) curve in the first quadrant. Furthermore, the

red (light) curve shows a constant decrease in the third an fourth quadrant. The short-

circuit current in the graph is 2.53 mA /cm? and the open-circuit voltage is 0.65 V.
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Figure 34: J-V curve for the best cell using PMI-3HT-PMI as acceptor material; donor-to-
acceptor ratio 1:1, thermal annealing (t=10 minutes, T=160°C), 15 mg/ml, w=1800rpm,
see Table

The maximum power point was tracked over a time of 132 minutes, as can be seen in
Figure B5It can be seen, that the power conversion efficiency is increasing fast in the first
10 minutes. Afterwards, the power conversion efficiency is slightly increasing, followed
by a drop after about 60 minutes. Then, the power conversion efficiency is starting to

stabilize.
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Figure 35: Maximum power point tracking for the solar cells using PMI-3HT-PMI as ac-

ceptor material; donor-to-acceptor ratio 1:1, thermal annealing (t=10 minutes, T=160°C),
15 mg/ml, w=1800 rpm, see Table

54.2 PMI-DHT-PMI

The first attempt, see Table 22, was to use a donor-to-acceptor ratio of 1:1 and various
rotational speeds for spin-coating the active layer. The rotational speed was varied be-
tween 1000 and 2400 rpm. The increase of the rotational speed was positively correlated
with the PCE, Voc and Jsc and negatively correlated with the layer thickness and rough-
ness. As for PMI-3HT-PMI, an active layer of 50 nm resulted in better performance than
an active layer of 100 nm. The influence of the annealing temperature on the solar cell
characteristics was tested using 2400 rpm due to the achieved results in the prior men-
tioned experiment. The annealing temperatures were varied between 100 and 160 °C. The
increase to 120°C lead to a strong increase in the PCE and Jsc, while the PCE stayed in the
same range from 120 to 160 °C. However, the Jsc increased remarkably at 160 °C. Further-
more, the best cells at 120 and 160 °C showed slight differences in the PCE, the Voc and
the FF, but a significant change in the Jgc of 0.37 mA. The best cell was annealed for 10
minutes at 160°C, had an active layer thickness of 50 nm, a power conversion efficiency
of 3.13%, an open-circuit voltage of 1.04 V and a short-circuit current of 6.96 mA.

The next attempt was trying a donor-to-acceptor ratio of 3:2 and 2:3. The results can
be found in Table 23l The best solar cell reached a maximum PCE of 3.42 % with a 3:2
ratio, which is the maximum PCE measured for the two investigated acceptor materials.
Generally, the samples with lower acceptor content (3:2 ratio) outperformed those with
higher acceptor content (2:3). In comparison, the best solar cell using a 3:2 ratio reached
a power conversion efficiency of 3.42%, a open-circuit voltage of 0.99 and a short-circuit
current of 7.36 mA with an active layer thickness of 64 nm, while the best solar cell with
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Table 22: Influence of rotational speed and annealing temperature on the solar cell char-
acteristics using PMI-DHT-PMI as acceptor material

d:a ratio 1:1, 15 mg/ml, annealing time: 10 minutes

w...rotational speed, t...thickness, max...maximum values reached

w/l/rpm | t/nm | Annealed? | PCE/ % Voc/V Jsc/mA | FF/ %
1000 | 100 £+ 19 No 228 +0.07 | 1.07+£0.02 | 543+ 0.19 |39+t 1
No 254 +0.15|1.11+0.03 | 584 £0.12 | 39 + 2
100°C 247 £0.11 | 1.07 £0.03 | 5.624+0.14 | 41 + 1
120°C 289 +£0.19 | 1.09+0.01 | 6.36 2036 | 41 + 1
2400 50 + 5 140°C 281 +£0.12]097+038 | 6.16 2027 | 43+ 1
160°C 279 +£0.38 | 097 +£0.08 | 705+0.10 | 41 + 3

120°C, max 3.10 1.08 6.57 43

160°C, max 3.13 1.04 6.96 44

a 2:3 ratio achieved only 1.58%, an open-circuit voltage of 1.02 V and only 3.79 mA. The

active layer thicknesses were less dependent on the rotational speed than for a 1:1 ratio,

although the roughness was significantly higher using a 3:2 or 2:3 ratio compared to the

1:1 ratio. Furthermore, light exposure for 10 minutes did not improve the performance

but slightly decreased it.

After one week, the measurements were repeated: The solar cell characteristics changed

only slightly (below 10 % difference), thus suggesting good stability in nitrogen atmo-

sphere.

Table 23: Influence of donor-to-acceptor ratios on the solar cell characteristics using PMI-
DHT-PMI as acceptor material and applying an annealing step (T=160 °C, t=10 minutes)

d:a ratio 1:1, 15 mg/ml

w...rotational speed, t...thickness, max...maximum values reached, LS..light-soaking 10

minutes

d:aratio | w/rpm | t/nm | Info| PCE/% Voc/V Jsc/ mA | FF/ %
1000 48 + 2 2.66 +=0.08 | 0.80 £0.36 | 6.49 +=0.30 | 39 £ 6
269 +£0.82(0.88+0.15|711+0.30 |42+6
3:2 1300 | 64 +18 LS |219+0.70 |0.794+0.16 | 718 £0.32 | 38 £ 6
1600 51+7 2.86+0.39 | 093 £0.03 | 640 +0.43 | 48+ 3
1900 51+ 4 274 +0.60 | 0.93 £0.06 | 6.68 +=0.36 | 48 + 7
1000 54 +9 0.83 £0.05 | 1.01 £0.02 | 248 +0.13 | 34 + 1
1400 63 +4 1.08 £0.05|092+0.02 |320+£0.17 | 37+ 1
2:3 146 £0.08 | 099 =0.03 | 3.76 £0.15 | 40 &= 1
1600 38+ 4 LS [1.30+0.15{0.91 +0.08 | 3.63+0.14 | 39 £ 2
1900 43+ 3 1.39 £0.08 | 097 +£0.03 | 343 +0.24 | 42+ 1

3:2 1300 | 64 + 18 | max 342 0.99 7.36 47

2:3 1600 38 £4 | max 1.58 1.02 3.79 41

Subsequently, the influence of solvent vapor annealing was analyzed, using a 3:2

donor-to-acceptor ratio (see Table 24). The best solar cell in this case reached a PCE of

2.90%, a Voc of 0.93 V and a Jsc of 6.35 mA. Thus, the overall performance was worse

than for the cells that were thermally annealed. Furthermore, light-soaking did decrease
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the performance of the best cell.

Table 24: Influence of solvent vapor annealing (solvent: CB, T=160 °C, t=10 minutes) on
the solar cell characteristics, using PMI-DHT-PMI as acceptor material and a donor-to-

acceptor ratio of 3:2.

w...rotational speed, LS.. light-soaking, max...maximum values achieved

w/rpm | Info PCE /% Voc/V Jsc / mA FF / %
1000 2514013 | 1.01 £0.02 | 6.29 £0.21 | 40+ 1
LS 2574+017 097 +£0.03 | 6.734+025| 40+ 3
2200 2754012093 £ 1.11 | 6.18 019 | 48 +2
LS 2244013 ] 0.88+0.01 | 6.21 +0.20 | 042 + 1
1000 | max, LS 2.70 0.97 6.94 40
2200 max 2.90 0.93 6.35 49

The external quantum efficiency (EQE) was measured for the best solar cell mentioned
in Table 22} using 2400 rpm and thermal annealing (t=10 minutes, T=160°C). In Table
one can see the characteristic parameters of the solar cell before and after EQE. The pa-
rameters decreased slightly after the EQE measurement, suggesting that the measure-
ment box was not fully sealed and the cell was slightly exposed to oxygen. Since the
parameters decreased, it is furthermore assumed, that the solar cell is not stable under
ambient air conditions and degrades over time. The EQE measurement suggested a Jsc
of 6.08 mA /cm?, which is below the measurement results before and after the EQE mea-
surement but still within the measurement accuracy. The EQE curve shown in Figure
depicts the same onsets observed in the UV-vis spectra for the donor-acceptor blend. The
maximum is observed at 530 nm with an EQE value of 44.5 %, which is most likely from
the acceptor material, while the second maximum is at 628 nm with an EQE value of 33.9
%, which should be caused by the donor material.

Table 25: Characteristic parameters before and after the EQE measurement, 1:1 acceptor-
to-donor ratio, PMI-DHT-PMI as acceptor material; 2400 rpm, thermal annealing (t=10
minutes, T=160°C) as shown in Table 22]

Measurement | PCE/% VOC/V Jsc/mA FF/%
Before EQE 2.89 1.09 6.36 41
EQE - - 6.08 -
After EQE 2.62 1.08 6.20 39

The J-V curve for best solar cell using PMI-DHT-PMI (3:2 ratio, 1300 rpm, 64 nm, as
shown in Table 23) can be seen in Figure The red (light) curve exhibits in the first
quadrant a quite similar slope as the blue (dark) curve. Furthermore, the red (light) curve
is continuously decreasing in the third and fourth quadrant, but not as strong as in case
of PMI-3HT-PMI (see Figure[34). According to this plot, the open-circuit voltage is 0.91 V
and the short-circuit current is 6.26 mA.

Next, MPP measurements were taken for the duration of 45 minutes, as can be seen in
Figure The power conversion efficiency was increasing strongly for the first 25 min-
utes. Afterwards, the power conversion efficiency started to stabilize. However, a longer
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Figure 36: EQE measurement for the best solar cell using PMI-DHT-PMI as the acceptor

material

measurement might have shown further increase or decrease of the power conversion ef-
ticiency over time. Nonetheless, in comparison to PMI-3HT-PMI, the incident increase of

the power conversion efficiency was slower.
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Figure 37: J-V curve for the best solar cell using PMI-DHT-PMI as acceptor material; 3:2
ratio, 1300 rpm, 64 nm, Voc=0.99 V, J5c=7.36 mA, as shown in Table
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Figure 38: Maximum power point tracking for the solar cells using PMI-DHT-PMI as
acceptor material; 3:2 ratio, 1300 rpm, 64 nm, Vpc=0.99 V, Jsc=7.36 mA, as shown in
Table 23]
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5.4.3 Comparison

The solar cells using PMI-3HT-PMI and PMI-DHT-PMI as acceptor material showed both
a better efficiency at about 50 nm in comparison to 78 and 100 nm, respectively, although
literature usually suggests 100 nm as the optimum active layer thickness. One possible
explanation could be given by the Drift-Diffusion model:

According to this theory, at constant applied voltage, a higher layer thickness is correlated
with a lower electric field. [52] Since a lower electric field yields in a lower exciton dissoci-
ation rate, thicker active layers can lead to a decrease in the exciton dissociation rate. [52]
Furthermore, a higher recombination rate can be observed at higher thicknesses, leading
to a lower short-circuit current, which is caused by a higher likelihood of recombination
during the longer pathways the charge carriers have to move. [52] Additionally, the lower
electric field in thicker layers results in a lower drift diffusion force, meaning that the
charge carriers move slower and therefore, the chance of recombination is increasing. [52]
In the materials tested in this thesis, the acceptor materials used could be more sensitive
to recombination, which could explain the better results at lower than usual active layer
thicknesses. Another possibility is, that the materials generally exhibit low conductivity.
Furthermore, good phase separation is essential for BH] organic solar cells but plays a
less significant role for thin active layers than for thick active layers: Firstly, the formation
of dead ends is more likely for thicker active layers. Secondly, while higher interface area
can lead to better efficiencies in organic solar cells, it can also increase the likelihood of
recombination. A good phase separation is present in the BH]J if the donor and the accep-
tor material are well blended but with relatively thick branches. If the branches are too
thin, recombination likelihood is increased: In this case, although exciton dissociation is
promoted, the free charge carriers are always close to the other phase. In other words the
electrons in the acceptor phase will favour to hop back to hole spots, rather than moving
further towards the electrode. In thin active layers, this effect is less pronounced: Due
to the lower thickness, the path along which recombination can happen is shorter, which

leads to decreased recombination probability.

Furthermore, both acceptor materials showed an improvement after thermal annealing
and solvent vapor annealing for a 3:2 donor-to-acceptor ratio, although solvent vapor an-
nealing showed greater improvements for the solar cells with thicker active layers, while
thermal annealing increased thinner active layers more prominently.

In numbers, for PMI-3HT-PMI solar cells with a thickness of 78 nm and a 1:1 donor-to-
acceptor ratio, the substrates without thermal treatments showed a PCE of 0.32 + 0.03%
and with thermal annealing 0.35 & 0.02%. In a 3:2 donor-to-acceptor ratio, the 78 nm
substrates with thermal annealing obtained a PCE of 0.34 £ 0.02% and with solvent va-
por annealing 0.65 &= 0.07%. However, the solar cells with an active layer of only 51 nm
achieved a PCE of 0.70 £ 0.10% without heat treatment, while annealing lead to a de-
crease to only 0.49 &+ 0.04%. The solar cells built with a 3:2 donor-to-acceptor ratio and
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with an active layer thickness of 52 nm exhibited a PCE of 0.69 £ 0.05% with annealing,
while solvent vapor annealing achieved only 0.38 & 0.04%.

The acceptor material PMI-DHT-PMI generally performed the best after thermal anneal-
ing. Comparing the best cells, the solar cells with a 3:2 ratio and thermal annealing
achieved a PCE of 3.42%, while the best solar cell with solvent vapor annealing reached
only 2.70%.

Liang et al. investigated the influence of thermal annealing and solvent vapor anneal-
ing on the active layer ITIC/PBDB-T and found that solvent vapor annealing mainly en-
hances the crystallinity of ITIC, while thermal annealing improves the crystallinity of
PBDB-T. [51] This suggests, that for the here used acceptor materials, the crystallinity of
the donor molecule contributes to a higher extend to the power conversion efficiency. Fur-
thermore, a stronger crystallinity was observed via XRD for PMI-DHT-PMI, explaining
the stronger increase of the PCE for PMI-3HT-PMI after solvent vapor annealing com-
pared to PMI-DHT-PMI. Following the results of Liang et al., a two step approach of first
applying solvent vapor annealing and then thermal annealing, [51] might have lead to
even better morphology and thus better results.

Interestingly, light-soaking for 10 minutes either did not change the PCE for both ac-
ceptor materials significantly or lead only to slight de- or increase for both solar cell
types, although improvements would have been expected due to charge carrier density
enhancement of the ZnO layer. [53] However, it did increase the short-circuit voltage
for the 3:2 donor-to-acceptor ratio solar cells for PMI-3HT-PMI as well as PMI-DHT-
PMI based solar cells. This increase in the short-circuit current was also observed for
ITO/ZnO/P3HT:PCBM/Mo00O3/Ag based organic solar cells. [54] Symonowicz et al. found,
that most likely the amount of dipoles at the interface of ZnO/PCBM increased during
light-soaking and lead to an enhanced electric field. [54] This would further result in a
better electron collection efficiency and therefore, a higher short-circuit current. [54]
Furthermore, the donor-to-acceptor ratio of 3:2 gave the best results with the high-quality
acceptor materials. This could be due to better phase separation with lower acceptor con-
tent.

However, the lower-quality acceptor material used in the very first experiment for PMI-
3HT-PMI gave a better PCE than the higher-quality acceptor material: In numbers, the
greatest achieved PCE 1.10% for the lower-quality PMI-3HT-PMI, while the best cell of
the higher-quality PMI-3HT-PMI obtained only a PCE of 0.76%. Taking a look at the layer
thicknesses of the the less pure samples, one can see that the active layers are very thin,
which could be due to the lower concentration of 10 mg/ml. Allin all, the solar cells using
PMI-3HT-PMI did not achieve the targeted efficiencies of 2.57%. Since the less pure sam-
ples of the first series did achieve better efficiencies, it could be that the acceptor material
used by Sanela Alibegic also contained trace impurities. Furthermore, it is known that the
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PBDB-T used by Sanela Alibegic was not from the same batch used for this thesis. An-
other explanation would be that PMI-3HT-PMI is not stable under air or light exposure.

In this case, the storage of the sample might have lead to slow degradation.
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6 Conclusion and Outlook

The two desired acceptor materials (PMI-3HT-PMI, PMI-DHT-PMI) were successfully
synthesized via Suzuki coupling. Both were purified using recrystallization and column
chromatography. The yield of PMI-3HT-PMI was 23.5% and it was a dark violett powder.
The yield of PMI-DHT-PMI was 26% and it was a dark orange powder. The verification
and characterization was done via 'H-NMR spectroscopy, thermogravimetric analysis
(TGA), UV-vis spectroscropy and fluorescence spectroscopy:

The TGA measurements depicted a mass loss of 26.7 and 25.1% at 540°C for PMI-3HT-
PMI and PMI-DHT-PM], respectively. Furthermore, PMI-DHT-PMI appeared to be more
stable for higher temperatures than PMI-3HT-PMI.

The UV-vis spectra in solution showed for PMI-3HT-PMI a maximum absorption at 530
and 529 nm for PMI-3HT-PMI and PMI-DHT-PM], respectively. A shoulder was observed
at 488 nm for both materials, although it was more pronounced for PMI-DHT-PMI. The
UV-vis spectra of the layers were done for the acceptor materials, the donor material
and of 1:1 donor-acceptor mixtures: In this case, the absorption spectra of the acceptor
materials alone appeared to be similar in shape but the thin film of PMI-DHT-PMI was
slightly red shifted towards 533 nm in respect to the solution. The 1:1 mixtures behaved
as expected like a sum of the acceptor material and the donor material alone. Thermal
treatment revealed a slight red-shift and change in shape and can be seen in Figure
This behaviour is due to enhanced crystallinity of the donor material. [51]
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Figure 39: UV-vis absorbance spectra of the annealed (=an) and not annealed layers of
both acceptor materials, the donor PBDB-T (=D), and both acceptor-donor mixtures

The fluorescence spectra revealed that the emission maxima were 614 and 590 nm,
yielding in a Stokes-shift of 84 and 61 nm for PMI-3HT-PMI and PMI-DHT-PMI, respec-
tively. The quantum yields were found to be 20% and 29%.

The XRD measurements showed, that both acceptor materials do not inhibit pronounced
crystallinity. However, thermal annealing lead to slightly enhanced peaks in the spectra.
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Besides full characterization, the acceptor materials were used in solar cells together with
the donor material PBDB-T in various ratios, different active layer thicknesses and differ-
ent thermal treatment conditions:

In both cases, the solar cells performed the better at relatively low thicknesses below 65
nm. Furthermore, light-soaking for 10 minutes did not change the performance signifi-
cantly.

The best cell using PMI-3HT-PMI achieved a PCE of 0.87%, a Voc of 0.65 V and a Jsc of
3.37 mA with a thickness of 51 nm, a 1:1 donor-to-acceptor ratio and thermal annealing
(10 minutes, 160°C). In case of PMI-3HT-PMI, the donor-acceptor ratio 1:1 performed best,
followed by a 3:2 ratio, while the 2:3 ratio performed worst. However, the solar cells using
a 3:2 ratio showed only a 0.10% decrease of the PCE. Comparing the behaviour of solvent
vapor annealing (solvent: CB, 10 minutes, 160°C) and thermal annealing (10 minutes,
160°C), the solar cells with solvent vapor annealing performed in the same magnitude,
although thermally annealed solar cells outperformed solvent vapor annealed solar cells.
The solar cells using PMI-DHT-PMI generally outperformed those using PMI-3HT-PMI:
The best solar cell achieved a PCE of 3.42%, a Voc of 0.99 V, a Jsc of 7.36 mA with a 3:2
donor-to-acceptor ratio, a thickness of 64 nm and thermal annealing (10 minutes, 160°C).
In case of PMI-DHT-PMI, the solar cell performance followed this order: 3:2 > 1:1 > 2:3.
Furthermore, thermal annealing strongly improved the performance if the temperature
was above 120°C. Additionally, solvent vapor annealing was tested, but did not enhance
the solar cell performance as strongly as thermal annealing.

In both cases, light-soaking for 10 minutes did not change the performance significantly.

Taking the synthesis, the purification and the solar cell performance into account, PMI-
DHT-PMI outperforms PMI-3HT-PMI in every regard: The synthesis of both materials
was straight forward, but in case of PMI-DHT-PMI the formation of by-products was
easier to manage. Only a few by-products were formed and purification was straightfor-
ward. PMI-3HT-PMI, on the other hand, showed a greater amount of by-products and a
by-product that was difficult to extract from the desired product.

Additionally, the performance of PMI-DHT-PMI as acceptor material was significantly
better and PMI-DHT-PMI showed greater solubility than PMI-3HT-PML

The easy synthesis and performance as well as the promising performance of PMI-DHT-
PMI would motivate further investigations. One possibility would be the usage of other
donor materials like PCE-10. The donor-to-acceptor ratio could also be varied: Since
the best performance was at a 3:2 (=1:0.67) ratio, a 1:0.8 and 1:0.5 would be possible.
Furthermore, since solvent vapor annealing was not investigated thoroughly, it could be
analyzed at other temperatures as well. Lastly, a combination of thermal annealing and

subsequent solvent vapor annealing might improve the performance.
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All in all, the PMI-based acceptor materials showed good performance and easy applica-
bility in organic solar cells. Especially PMI-DHT-PMI promises good usability in organic

electronics in general.
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