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CHAPTER   1 

INTRODUCTION 

The section is based on the introductory parts of Refs. [1,2]. 
Organic semiconductors (OSCs, i. e. small molecules along with polymers) as active 

layers in organic field-effect transistors (OFETs) [3–5], photovoltaic devices (OPV) [6–8], 
and light-emitting diodes (OLEDs) [9,10] provide not only benefits such as high efficiency, 
low costs [11], processability, and device flexibility, but also uncountable possibilities for 
tuning their optoelectronic properties in a controlled way. The most obvious and most 
frequently explored approach for this is the modification of the chemical structure of these 
compounds. One can distinguish roughly two strategies of molecular modification: a) a 
direct change of the electronic properties of the compound, for instance by fluorination, b) 
a change of the geometry of the compound to modify the crystal packing, which has 
indirectly an impact on the film properties. 

Fluorination is commonly applied to shift both ionization energy (IE) and electron 
affinity (EA) to lower energies in order to create efficient n-type semiconductors with low 
electron injection barriers and high electron mobilities [10,12–16]. Partial fluorination 
generally improves thermal, air and photostability [17–19] and can induce non-covalent 
bonding between fluorinated and non-fluorinated parts and thus favor the crystallization 
process [20–23]. Furthermore, the molecular packing in the solid state is governed by a 
balance of interactions, including a combination of quadrupolar stabilization, van der 
Waals forces and steric requirements [24,25]. Chemical modification by highly polar 
substituents or by spacer groups (e.g. side chains) often leads to a change of the 
intermolecular coupling in solids [26–31] and in the adsorption behavior on substrates 
[32,33], which in turn determines the device performance [34–36]. For thin film growth 
via organic molecular beam deposition (OMBD), also the preparation conditions such as 
deposition rate, substrate temperature and base pressure are crucial [37–39] and have a 
strong impact on the growth. 

One of the fundamental processes in devices based on organic semiconductors is the 
charge transfer (CT) between electron donor (D) and electron acceptor (A) molecules at 
interfaces or in molecular mixed systems [9,40–42]. The concept of CT as a mechanism of 
intermolecular interaction was described in the framework of Mulliken theory in the 1950s 
[43,44]. In this theory, a donor and an acceptor form a CT complex, where the energy levels 
of ground and excited states depend on the overlap of the D/A wave functions and an 
electronic transition to the excited state is accompanied by partial or integer charge 
transfer.  

The presence of CT interaction between donor and acceptor materials has recently 
attracted attention due to its importance for organic solar cells and organic light-emitting 
diodes [45–47] as well as the associated fundamental challenges. It was shown, e.g., that 
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the CT energy can serve as a limit for the open circuit voltage in solar cells [48,49]. 
However, even if the resulting exciton has charge transfer character, ground-state 
interactions are still present [50,51]. This complex process mediates both excitation and 
recombination of charge carries and, therefore, its mechanism needs to be explicitly 
understood. 

 The most explored approach in the field of OPV devices over the last couple decades 
has employed polymer/fullerene (or derivatives) combinations [52–56]. However, despite 
the trustworthy results on efficiency up to 10 % fullerene-based solar cells meet a number 
of limitations, making room for a search of new solutions among small molecule 
semiconductors [6,57–60]. Organic small molecule semiconductors provide countless 
possibilities for tailoring of device properties. By choosing different organic compounds the 
resulting energy gap (ΔEDA) between a donor ionization energy (IE) and an acceptor 
electron affinity (EA) can be tuned in a desirable way: on the one hand, the larger ΔEDA 
results in a higher open circuit voltage (VOC) [61] and smaller non-radiative energy losses 
(in absence of morphology influence) [62], on the other hand, a direct excitation of low-
lying CT states leads to broadening of the optical absorption wavelength range in the near-
infrared region most favorable for solar energy harvesting [63]. However, the CT states 
might serve as efficient recombination channels for excitons [64–67]. This aspect is 
particularly important to be taken into consideration when designing an active layer in a 
bulk (planar-mixed) heterojunction (BHJ) configuration. Compared with planar 
heterojunctions (PHJ), the BHJ configurations provide larger interface area between donor 
and acceptor and are therefore more favorable in terms of photon to charge carrier 
quantum yield. However, in this case the morphology of the mixed layer plays a crucial role 
[68,69]. First of all, lattice disorder introduces numerous ingap trap states hindering charge 
transport [70]. Another factor is the nucleation of one of the pure phases, in particular an 
acceptor phase, along with the presence of a mixed phase and is considered as a beneficial 
condition for increasing charge separation rates [71,72]. A higher dielectric constant lowers 
the Coulomb exciton binding energy facilitating exciton dissociation [73]. Furthermore, 
crystalline domains of pure phases provide percolation pathways for delivering charge 
carriers to the electrodes [74]. In order to minimize exciton trapping at grain boundaries, 
the grain size should not be smaller than the average exciton diffusion length LD in single-
crystalline thin-films of 20-30 nm [35,75,76]. Thus, processes of intermixing, phase 
separation, crystallization in binary molecular mixtures of donor and acceptor species, and 
the correlation with formation of CT complexes require an explicit investigation.   

The previous studies carried out in these frames considered aspects of sterical 
compatibility in two-phase mixed systems, which is the dominating factor for phase 
segregation when the components differ in the geometry and shape (e. g. fullerenes mixed 
with rod-like molecules or planar tile-shaped molecules) [77]. Even a deviation of a 
conjugated core length or an alternating aromatic ring fusion induces nucleation of the pure 
phases [78,79]. However, when mixing electron-donating (donor) and electron-
withdrawing (acceptor) species an additional electrostatic attraction component plays a 
role of a stabilizing force for the co-crystal [80,81]. The competition of different kind of 
intermolecular interactions is therefore of great interest for D/A blends.  
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When considering D/A interfaces in a simplified view, one can distinguish three 
nominal cases of CT systems depending on the degree of intermolecular interaction (Figure 
1.1). To the first category (Figure 1.1a), one may assign systems where the intermolecular 
energy gap ΔEDA between the highest occupied molecular orbital (HOMO) of a donor and 
the lowest unoccupied molecular orbital (LUMO) of an acceptor are almost identical to the 
individual energy gaps of the donor ΔED or the acceptor ΔEA [82]. Thus, CT in the electronic 
ground state (GS-CT) is unlikely to be observed, and integer charges are mainly transferred 
due to exciton (D* and A* states) formation and dissociation. As examples the material 
combinations employed for planar heterojunction (PHJ) solar cells such as α-
sexithiophene (6T)/diindenoperylene (DIP) [83], 6T/tetra-phenyldibenzoperiflanthene 
(DBP) [84] and DBP/zinc chlorodipyrrin (ZCl) [85] can be considered. A second category 
(Figure 1.1b) describes weakly coupled molecules, where ΔEDA < ΔED or ΔEA. These weakly 
bound complexes result, on average, in a partial charge transfer from the donor to the 
acceptor in the ground state and the CT state can be directly excited, but the molecular 
orbitals do not undergo a significant change. Examples for such mixed molecular systems 
are DIP:fullerene (C60) [86], DBP:C60 [84], DIP:N,N′-dioctyl-3,4,9,10-perylene 
tetracarboxylicdiimide (PTCDI-C8) [87], N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-
biphenyl-4,4’-diamine (NPD):C60 [88]. In a third category (Figure 1.1c), there are systems 
with stronger intermolecular coupling, where ΔEDA is insignificant compared to the optical 
gap of each component, ΔED or ΔEA. In this case, the formation of hybridized molecular 
orbitals with an energy splitting ΔECPX can be observed, as has been shown for 
quaterthiophene (4T): 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) 
[89], pentacene (PEN):F4-TCNQ [90] or picene (PIC):F4-TCNQ [91].  

Note that the three different scenarios presented in Figure 1.1 change gradually from 
one to another and sharp boundaries are difficult to define. As an additional criterion for 

Figure 1.1: Simplified schematic illustration of possible scenarios for energy levels at interfaces. (a) 
ΔEDA ≈ ΔED or ΔEA, no ground state interaction present, charges are transferred through 
preliminary formed molecular excitons (D* or A*), yellow arrows depict electron transitions; (b) 
ΔEDA < ΔED or ΔEA,  weakly coupled molecules, partial GS-CT contributes to energy level shift, 
original levels are dotted, CT can occur either under direct excitation or via exciton dissociation; (c) 
ΔEDA << ΔED or ΔEA, strong ground state interaction, orbital hybridization resulting in energy 
splitting of a CT complex (ΔECPX) is observed. Note that the full picture may be more complex, and 
that for electronic transitions the exciton binding energy must be taken into account [82]. 
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classification one may consider the strength of the direct absorption into a CT state, e.g. a 
very weak CT absorption may be observed for type (a) requiring highly sensitive 
techniques, whereas type (b) reveals relatively strong CT bands detectable with standard 
ultraviolet-visible-near infrared (UV/Vis/NIR) absorption spectroscopy. So far, 
photoinduced CT via singlet exciton formation and dissociation (as in (a)) [92] and CT 
doping (as in (c)) [93] are widely discussed in the literature. However, the focus is here on 
the type (b) (weak ground state interaction – strong excited state interaction) and its 
fundamental characteristics since the complete understanding of the CT mechanism in this 
type of systems has not been achieved yet.  

This thesis presents a comprehensive study on the intermolecular interactions and CT 
mechanism in organic binary mixtures in thin films prepared by vacuum deposition 
starting from morphological and structural investigations, via complementary forms of 
spectroscopy to the implications in device applications. As a case study, thin films of the 
small-molecule semiconductors DIP with PEN as donors and N,N′-bis-(2-ethylhexyl)-
1,7-dicyanoperylene-3,4:9,10-bis(dicarboxyimide) (PDIR-CN2 where R = C8H17 
branched) with N,N′-1H,1H-perfluorobutyl-dicyanoperylene-3,4:9,10-
bis(dicarboxyimide) (PDIF-CN2 with C4F7H2 linear side substituents) as acceptors were 
chosen. Motivation for the material choice is rationalized in Chapter 4. 

The thesis is organized as follows. Chapter 2 reviews basic physical phenomena and 
kinds of intermolecular interactions in OSCs. The experimental techniques, as well as 
sample preparation details, are provided in Chapter 3. Introductory information about 
materials studied here is combined in Chapter 4. Chapter 5 is devoted to investigation of 
properties of the pristine acceptor materials in thin films in dependence on growth 
temperature. The influence of the side substituents on the structural and optical properties 
is examined. Chapter 6 elucidates formation of a CT complex in the DIP:PDIR-CN2 system 
observed for the electronic ground and excited states and its impact on the devices 
performance and anisotropy of the CT transition. A detailed comparison between four D/A 
systems is given in Chapter 7. A correlation between intermolecular coupling, mixing 
behavior and a CT complex formation is found. Finally, the findings are summarized in the 
“Summary and Conclusion” section. 
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CHAPTER   2 

ORGANIC SEMICONDUCTORS 

2.1 Structure and Properties of Organic Compounds 

2.1.1 Molecular Electronic Structure and Energy Levels 

Organic molecules consist of atoms held together by strong covalent bonds. Formation of 
the covalent bonds can be described by two basic theories: a) valence bond (VB) theory and 
b) molecular orbital (MO) theory. The VB approach is based on an assumption that a 
covalent bond is formed by overlap of the atomic orbitals of the dissociated atoms and the 
electronic pair is localized in the overlap region [94,95]. On the contrary, the MO theory 
describes molecules in a similar way to atoms with electrons distributed between a set of 
the molecular orbitals and delocalized over adjacent atoms [96]. One of the different 
approximations applicable for MO calculation is the linear combination of atomic orbitals 
(LCAO), which can be considered in the simplest case as the hydrogen molecules H2. Here, 
the linear combination of two atomic 1s-orbitals can be achieved by their addition and 
subtraction (Figure 2.1).  

The resulting orbitals σ and σ* (also called as bonding and antibonding MOs) 
correspond to the electronic ground and the first excited state of the molecule. A transfer 
integral V determines the energy stabilizing the electron when the covalent bond is formed. 
Generally, the number of molecular orbitals is equal to the number of atomic orbitals that 
are used to form the molecular orbitals. Electrons fill the MOs in order of lower to higher 
energy according to the Pauli exclusion principle [97]. Thus, when describing a molecule’s 

Figure 2.1: Atomic and molecular orbitals in H2; V is the transfer or resonance integral; ovals 
indicate regions of isosurfaces, i. e. surfaces where the probability of finding an electron is the same.
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electronic structure, the following frontier orbital definitions are used: the HOMO and the 
LUMO. These orbitals are separated in energy by the energy gap ΔE, whose size is 
determined by the molecule’s nature. 

The total energy of a free molecule (non-interacting with the environment) is the sum 
of the electronic, nuclear, vibrational and rotational components: 

E = Eel + En + Evib + Erot,                                                     (2.1) 

where each component depends on the coordinates and motion rates of the corresponding 
particles. The very different time scales of the various types of motion in a molecule lead to 
substantial energy differences between the series of molecular energy levels in which the 
components are quantized, allowing to consider each of them separately (Table 2.1) (this 
approach is known as the Born-Oppenheimer-approximation [98]). 

The first ionization potential or the ionization energy (IE) of a molecule in gas phase 
represents the minimal energy required to move an electron to the vacuum with zero 
kinetic energy and generate a cation. The electron affinity (EA) in gas phase is defined as 
an energy release upon the addition of an electron and formation of an anion. These 
negative values can be considered as the energies of the HOMO and LUMO levels 
correspondingly. 

Table 2.1. Typical time and energy scales of different types of motion. 

Motion/Transitions Time scale Energy Scale 
Region of electro-

magnetic spectrum 
nuclear spin in 
magnetic field 

1-100 μs  En < 0.4 μeV radio 

rotational 0.1 – 1 fs Erot = 0.12-12 meV microwave 

vibrational 10 – 100 fs Evib= 37-370 meV infrared 

electronic 0.1 – 10 ps Eel > 0.62 eV NIR-Vis-UV 

 

2.1.2 sp2 Hybridization in Conjugated Molecules 

The basic element of organic compounds is carbon. The outermost shell of a carbon atom 
has two unpaired electrons (Figure 2.2a). However, in most organic compounds carbon 
has four valent orbitals and a changed configuration in the bound state (Figure 2.2b).  In 
conjugated molecules, the carbon atoms are held together by σ-bonds which involve each 
one of the three sp2 hybrid orbitals (ring or chain backbone) and a π-bond formed by an 
overlap of the pz orbitals (Figure 2.2c,d). In an aromatic molecule, the electrons of the 
overlapping pz orbitals undergo delocalization, i.e. a homogeneous distribution of the 
electron wavefunction over the whole molecule with formation of a π-electron cloud. 
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2.1.3 Excitation and Deactivation Processes 

An electron can have a spin quantum number of +1/2 or −1/2. In a conjugated organic 
system, the number or the π-electrons is mostly even. When all electrons are paired the 
total spin is S = 0. In case of a system with two unpaired electrons the spin is S = 1. A 
quantum angular momentum vector L associated with these electrons is allowed to have 
2S + 1 total values. Therefore, for the former case L = 1, i.e. only one state called singlet 
exists, whereas for the latter case L = 3 three triplet states occur. The singlet ground state 
is usually referred to as S0 and the excited states – S1, S2, …, accordingly. For each excited 
singlet state exists the corresponding triplet state (T1, T2, etc.) (Figure 2.3), whose energy 
is always lower due to enlarged distances between the electrons. 

Processes governing basic optical phenomena (absorption, fluorescence, 
phosphorescence) in organic compounds are related to electronic transitions between the 

Figure 2.2: Electronic configuration of the outermost shell of a carbon atom (a) corresponding to 
its place in the periodic table and (b) in case of sp2 hybridization; (c) sp2 hybrid orbitals formation; 
(d) scheme of a benzene molecule formation. 

Figure 2.3: Electronic configurations of (a) a singlet ground, (b) an excited and (c) a triplet excited 
state. 
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three lowest electronic states: the ground singlet S0, the first excited singlet S1, and the first 
triplet T1 states (Figure 2.4a). The key role of these states is based on ultrafast development 
of two kinds of non-radiative transitions after the molecule excitation: internal conversion 
(IC, no spin change) and intersystem crossing (ISC, spin changes). 

Since each electronic state has a subset of vibrational states corresponding to different 
vibration energy values in a given electronic state, absorption and emission spectra show 
structured or broad bands depending on the degree of disorder of the system called a 
vibronic progression. For a majority of conjugated molecules, the vibronic progression 
originates from a symmetric vinyl stretching mode with energy ~1400 cm-1 which 
corresponds to the nuclei reorganization energy ω0 of ~0.17 eV. Figure 2.4b depicts 
potential curves and vibrational levels of the ground state S0 and the first singlet state S1. 
According to the Franck-Condon principle [99], the transition between S0 and S1 is 
considered to be vertical because the nuclei respond to the change of electronic structure 
on a much longer timescale than the electronic transition itself. The offset in nuclear 
coordinates ΔQe between the ground (Qe) and excited state (Q´e) shows a new equilibrium 
position for nuclear interaction potential.   

Internal conversion brings the excited electron into the lowest vibrational state. Thus, 
the absorption and emission bands of a single molecule are mirror-symmetric (Figure 2.5). 
The difference in energy between their maxima is called Stokes shift. The intensities of the 
vibronic progression peaks of the spectra can be generally described by the Poisson 
distribution [100]:  

In = e–SSn/n!,                                                             (2.2) 

Figure 2.4: (a) Scheme of deexcitation processes (also known as the Jablonski diagram); waved 
lines mark non-radiative transitions; IC means internal conversion, ISC - intersystem crossing. 
(b) Configuration coordinate diagram of two electronic states illustrating formation of optical 
absorption band. Multiple transitions are possible in the absorption process (arrows shown) and 
the emission process (arrows not shown). The image (b) is taken from [100]. 
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where I is the intensity of the subband n, S is the Huang-Rhys parameter (a function of the 
ΔQe related to the coupling between electronic excitations and internal vibrations). 

2.2 Noncovalent Intermolecular Interactions  

Molecular packing plays a significant role in the determination of the physical properties 
in organic materials in the condensed state [101]. Here, thin film preparation methods and 
conditions (whether it is a vacuum-deposited or solution-processed film) are left out of the 
discussion. The section focuses only on weak non-covalent forces, whose balanced 
combination stabilizes the molecules kept together. Generally, all these forces are distance-
dependent and are used to be called van der Waals forces (however, some texts exclude 
repulsion). The dominant interactions include exchange repulsion, induction, electrostatics 
and dispersion forces (Figure 2.6). The first term is a short-range destabilizing force 
following from the Pauli exclusion principle, which forbids two fermions to occupy the 
same quantum state. The exchange repulsion is the main reason for steric repulsion.  

Figure 2.5: Calculated emission (blue) and absorption (orange) spectra for four different Huang-
Rhys parameters S (a – d). The Stokes shift EStokes changes abruptly with increasing S. The image
is taken from [100] 

Figure 2.6: The repulsive exchange energy is balanced by the attractive dispersion, electrostatic, 
and induction components. The image is taken from [101]. 
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Repulsion can be overcome by dispersion, electrostatic and induction non-covalent 
interactions. Dispersion forces, also known as London forces, arise between 
electrostatically neutral molecules (atoms). Though non-polar molecules do not have a 
permanent multipole moment, they do reveal spontaneous dipoles due to fluctuations in 
the electron density, which can in turn polarize a neighbor molecule. Attraction between a 
spontaneous dipole and an induced dipole follows an r–6 distance dependence [102]. Polar 
molecules with permanent dipoles (multipoles) interact through the electrostatic dipole-
dipole attraction or repulsion. Induction or polarization is the attractive interaction 
between a permanent multipole of one molecule with an induced multipole of the second 
one. 

When considering aromatic π-conjugated molecular packing, the term “π-π-interaction” 
in context of driving and stabilizing forces comes up. The scientific community has been 
struggling to give a clear definition of such interaction [101,103–107]. Basically, 
electrostatic and exchange repulsion are considered to counteract the attractive dispersion 
interaction between π-conjugated systems. Therefore, the interaction is stronger for larger 
aromatic molecules (containing more than 10 carbon atoms) [105]. Parallel slip-stacking 
and face-to-edge (“T-shaped”) configurations help to minimize repulsion and thus, are 
generally more favorable than face-centered sandwich stacking, unless the participants are 
an electron-rich (donor) and an electron-deficient (acceptor) molecules (Figure 2.7) [106].  

The present thesis considers co-evaporated binary mixtures of small molecule OSCs. To 
describe the mixing behavior, a model based on nearest-neighbor interactions can be 
introduced [108]. Thus, the free energy of a mixture can be written as: 

∆퐹 = 푘 푇[(푥 ln 푥 + 푥 ln 푥 ) + 휒푥 푥 ],                              (2.3) 

where 푥A and 푥B are the concentrations of A and B components. The first term in the 
brackets is related to entropy and the second term depends on the interparticle interaction 
described by the parameter χ: 

χ = (푊 + 푊 − 2푊 ),                                               (2.4) 

Figure 2.7: Schemes for describing the electrostatic view of aromatic interactions. The various 
modes of stacking are presented, emphasizing locations of electrostatic attraction or repulsion. The 
image is taken from [106]. 
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where WAA, WBB and WAB are the interaction energies between molecules A and B. 
The typical mixing behaviors observed in binary thin films are sketched in Figure 2.8. 

In the case of all energies W being similar, there is no preferred phase in a system, which 
leads to formation of so-called solid solution or statistically intermixed molecules. When 
any of the W terms prevail, the corresponding phase tends to separate (whether it is a pure 
phase A or B or a mixed phase AB). 

2.3 Intermolecular Coupling in Organic Assemblies  

2.3.1 Kasha’s Model 

In the framework of the thesis, it is useful to reveal some general correlations between 
packing and optical properties taking place in molecular aggregates. Optical properties of 
organic materials are strongly influenced by the molecular environment. The resulting 
spectroscopic signatures of thin films usually deviate significantly from the monomer 
spectra of dissolved compounds due to intermolecular interactions [109–112]. Two 
mechanisms for such interactions may be considered (Figure 2.9): 1) non-resonant 
interactions causing a solution shift or a gas-to-crystal shift of energy levels, in case of liquid 
or solid systems, respectively, due to changes of the polarizability of the molecular 
environment; 2) the excited state resonance dipole-dipole interaction (long-range Coulomb 
coupling) described for two ideal cases of the so-called J- and H-aggregations by Kasha 
[113], where different arrangements of strongly coupled, parallel translated transition 
dipole moments (TDMs) μ are responsible for either a blue-shifted or red-shifted 
absorption due to exciton state splitting. The blue shift originates from electrostatic 
repulsion of the TDMs aligned in-phase in a face-to-face arrangement, whereas for an in-
line arrangement the in-phase alignment leads to a lowering of the exciton state energy.    

Figure 2.8: Typical mixing scenarios for binary mixtures of rod-like molecules depending on 
interaction energies W: (a) solid solution or statistical mixing; (b) phase separation between the 
mixed phase and the pure phase of an excessive component. 
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In case of an oblique orientation of the TDMs, both components composed by 
summation and subtraction of the TDMs can be observed (Figure 2.10). This effect is 
anisotropic [114] and known as Davydov splitting (DS). A magnitude of the splitting DS 
can be defined as follows [113]: 

DS = | | (cos훼 + 3푐표푠 휃),                                                   (2.5) 

where μ is the TDM of a monomer, r12 is the center-to-center distance between molecules 
1 and 2, α is the angle between polarization axes for the component absorbing units and θ 

Figure 2.9: H- and J-aggregates and their impact on the absorption and emission processes in the 
framework of exciton models. The image is taken from [85]. 

Figure 2.10: (a) Energy level diagram for a molecular dimer. When the TDMs (shown as black 
arrows) are not parallel, both the upper and lower states absorb light at orthogonal polarizations, 
giving rise to the upper (UDC) and lower (LDC) Davydov components observed spectroscopically. 
(b) Left: Crystal structure of nearest-neighbor π-stacked molecules. The b axis corresponds to the 
crystal’s long axis, while the a and c axes project onto the crystal’s short axis. The projections of the 
TDMs are shown as blue arrows. Right: The sum and difference of the TDMs. The sum, which 
corresponds to the LDC, is nearly parallel to the short crystal axis, while the difference, which 
corresponds to the UDC, is nearly parallel to the long crystal axis. Both the sum and difference have 
nearly equal lengths, indicating similar oscillator strengths for the UDC and LDC. The images are 
taken from [87] and modified. 
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is the angle between the polarization axes of the unit molecule and the line of molecular 
centers. 

An energy shift caused by the exciton coupling interferes with a gas-to-solution or gas-
to-crystal shift, which might make it difficult to distinguish the type and strength of the 
coupling. Therefore, one should also rely on bandshape changes due to the exciton-
vibrational coupling described in the extension of Kasha’s theory [115–117]. Accordingly, 
an increase (decrease) of the oscillator strength of the 0-0 vibronic band compared to the 
0-1 vibronic band along with appearance of a low (high)-energy transition are strong 
signatures of enhanced J(H)-like coupling (Figure 2.11). 

2.3.2 Charge Transfer 

Two molecules with electron-donating (donor) and electron-withdrawing (acceptor) 
properties relative to each other can form a so-called CT complex. A donor (D) is a 
molecule, whose ionization energy and electron affinity is smaller than the one of an 
acceptor (A). The theory of donor-acceptor bonding was developed by Robert S. Mulliken 
in 1952 [43,44]. According to his theory, a DA-bonding occurs in a D/A system on account 
of quantum-mechanical mixing of two states: 

- neutral or no-bond structure (D, A), in which between the D and A molecules only 
van der Waals interactions take place; 

Figure 2.11: Calculated absorption (blue) and emission (red) spectra for linear H- and J-aggregates 
containing N = 20 molecules with nearest-neighbor-only coupling. Here, the exciton bandwidth W
increases from top to bottom, λ2 is the Huang-Rhys factor and ω0 is the energy of the symmetric 
intramolecular vibration. Solid spectra are evaluated using one- and two-particle states, while 
dashed spectra use only one-particle states. The inset in panel (a) shows the isolated-molecule 
spectra. The grey absorption spectrum appearing in all panels pertains to the isolated molecule (W
= 0). The images is taken from [90] and modified. 
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- polar or dative structure (D+ - A-), in which an electron is fully transferred from the 
donor to the acceptor.  

In the ground electronic state, the wave function of the CT complex can be written as a 
linear combination of the no-bond and dative structures: 

휓 = 푎휓 (퐷,퐴) + 푏휓 (퐷 − 퐴 ),                                    (2.6) 

and in the excited state: 

휓 = 푎∗휓 (퐷 − 퐴 ) − 푏∗휓 (퐷,퐴).                                  (2.7) 

The coefficient a ≈ a* and b ≈ b* in (2.6) and (2.7) characterize a contribution of the no-
bond and dative structures to the ground and excited electronic states of the CT complex. 
They relate as a(*)2 + b(*)2 + 2a(*)b(*)S01 = 1, where S01 = ∫ψ0ψ1dτ is an overlap integral 
between donor and acceptor molecular orbitals participating in CT (τ is time). a2 >> b2 is 
relevant for weak CT complexes and b2 > a2 for strong ones. It follows that if the ground 
state has predominantly a no-bond structure, the excited state must have predominantly a 
dative structure and vice versa. A mixed state, in fact, describes a dipole D+δA-δ, where δ is 
a degree of a transferred charge. 

Photogeneration of charge carriers in OSCs occurs via a Coulombically bound electron-
hole pair called a CT exciton. In contrast to Frenkel excitons (FE), where both charges are 
localized on the same molecule, an excited electron in the case of a CT exciton is transferred 
to a neighbor molecule (Figure 2.12a), though mixing of FE and CT states is possible [118]. 
A larger coupling between D and A, i.e. a larger overlap between the HOMO of a donor and 
LUMO of an acceptor, enables direct electronic transitions between the ground electronic 
state and CT states of a D-A pair (Figure 2.12b) [119]. 

An energy diagram of CT states and principal steps of photogeneration is schematically 
presented in Figure 2.13 [120]. Excitation of an electron can occur either via formation of 
a singlet exciton on a donor (green solid arrow) followed by non-radiative relaxation 
through a so-called “hot” CT states down to the lowest CT state CT1 (red arrow) or via a 
direct transition to the CT1 from the ground state GS (blue arrow). The energy of relaxed 

Figure 2.12.  (a) Graphical illustration of Frenkel excitons and charge transfer excitons; (b) frontier 
molecular orbital diagrams of mixed and demixed phases. The images are taken from [92] and [93],
and modified. 
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CT states (ECT1) is smaller than the energy gap between HOMOD and LUMOA (EDA) due to 
Coulomb bonding energy of the hole-electron pair, which has to be overcome to separate 
the charges (CS – charge separation states).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13.  Energetics of the relevant states at a D/A interface. Absorption of a photon with energy 
higher than ED∗ generates the donor excited state D* at a rate GD∗. There are several possible 
pathways for the generation of a CS state. Pathways with rate constants k*CS bypass the
vibrationally relaxed and lowest energy CT state (CT1) and compete with thermal relaxation (krelax). 
CT1 can decay radiatively (kf) to the GS or dissociate (kCS), forming CS. The inverse of the latter 
process, population of CT1 from CS, occurs at a rate kr. The images are taken from [94] and 
modified. 
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CHAPTER   3 

EXPERIMENTAL METHODS 

3.1 Sample Preparation by Organic Molecular Beam Deposition 
(OMBD) 

All thin films were prepared by organic molecular beam deposition (OMBD) [121,122] in 
ultra-high vacuum (UHV) chambers. UHV chambers of two types were used: a stationary 
chamber with a base pressure of 1×10-9 mbar for in-house sample production and a 
portable chamber with a base pressure of 1×10-8 mbar for real-time experiments at 
synchrotron facilities [123].  

The principle of a UHV system is shown in Figure 3.1a. An organic powder-like material 
is placed inside an effusion (Knudsen) cell. The material sublimes in the cell upon heating 
and, when the cell shutter is open, the molecules leave the cell forming a flux towards a 
sample holder. The flux rate can be controlled by the cell temperature. Co-deposition is 
possible when more than one cell is used. Main processes happening on a substrate during 
deposition are sketched in Figure 3.1b. They include condensation, re-evaporation or 
desorption, intra- and interlayer (surface) diffusion, and nucleation. Molecule diffusion, 
limited by its kinetic energy and a step-edge potential barrier also known as Ehrlich–
Schwöbel barrier [124,125] can be controlled by a change of the substrate temperature Tsub. 
Growth by vacuum deposition generally follows one of three regimes: layer-by-layer 
(Frank-van-der-Merwe) mode, island (Vollmer-Weber) mode, and combined layer-plus-
island (Stranski-Krastanov) mode.  

In this thesis, three types of substrate were used: silicon wafers with a native oxide layer 
on top (dox ≈ 2 nm), silicon wafers with thermal oxide (dox ≈ 130 nm) and glass cut to a 
size of 10×5 mm. Before introduction in the vacuum chamber, the substrates were cleaned 

Figure 3.1. (a) Schematic illustration of a portable UHV chamber and a process of co-deposition.
(b) Sketch of principal processes occurring during vacuum film deposition. The images are taken 
from [97] and modified. 
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in an ultrasonic bath with acetone and isopropanol successively. Prior to growth, the 
substrates were heated to 650 K in vacuum in order to eliminate residuals of water and 
other impurities. The deposition rates (0.2 nm/min) during growth were controlled by a 
water-cooled quartz crystal microbalance (QCM) calibrated by X-ray reflectivity (XRR). 
The majority of samples were prepared by co-evaporation of two types of materials, a donor 
and an acceptor, with different mixing ratios. For DIP:PDIR-CN2 system three different 
architectures were chosen (Figure 3.2) [2]: a planar heterojunction (PHJ) as the simplest 
model, a two-component mixed bulk-heterojunction film (BHJ) with different mixing 
ratios and a superlattice (SL) consisting of 20 alternating monolayers (MLs) as an 
intermediate case. Samples characterized by XRD, AFM, and spectroscopical 
measurements are listed in Table 3.1. 

Table 3.1. List of the investigated samples. 

Component Configuration Tsub, °C d, nm 

DIP single layer RT 

140 

20; 100 

20 

PEN single layer RT 

70 

20; 100 

20; 100 

PDIR-CN2 single layer RT 

70 

120 

130 

140 

20; 100 

20 

20 

20 

20 

PDIF-CN2 single layer RT 

70 

110 

120 

140 

160 

20; 100 

20 

20 

20 

20 

20 

DIP:PDIR-CN2 3:1 

 

RT 

140 

20 

20 

Figure 3.2. Sketch of the structural geometries (red ellipsoids – donor, green ellipsoids – acceptor).
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2:1 

1:1 

 

1:3 

 

1:9 

bilayer DIP/PDIR-CN2 

superlattice (DIP/PDIR-CN2)10 

RT 

RT 

140 

RT 

140 

RT 

RT 

RT 

100 

20; 100 

20 

20; 100 

20 

20; 100 

20 (each layer) 

1.8 (each layer) 

DIP:PDIF-CN2 3:1 

 

1:1 

 

1:3 

RT 

140 

RT 

140 

RT 

140 

20 

20 

20 

20 

20 

20 

PEN:PDIR-CN2 3:1 

 

1:1 

 

1:3 

RT 

70 

RT 

70 

RT 

70 

20 

20 

20; 100 

20; 100 

20 

20 

PEN:PDIF-CN2 3:1 

 

1:1 

 

1:3 

RT 

70 

RT 

70 

RT 

70 

20 

20 

20; 100 

20; 100 

20 

20 

 

3.2 X-Ray Diffraction Techniques 

X-Ray diffraction (XRD) methods provide uncountable opportunities for the 
determination of material structural properties at molecular and atomic levels. In this 
thesis, the following techniques were used to investigate ordering and mixing behaviors in 
the studied D/A systems: X-Ray reflectivity (XRR), grazing-incidence X-Ray diffraction 
(GIXD), and reciprocal space maps (mesh scans). The measurements were performed 
postgrowth and ex situ after sample preparation combined in particular cases with real-
time in situ experiments. X-ray diffraction measurements were performed at the beamline 
ID10 of the European Synchrotron Radiation Facility (Grenoble, France) (Figure 3.3), at 
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the beamline X04SA of the Swiss Lightsource (Villigen, Switzerland), and at the beamline 
SixS of the Soleil Synchrotron (Paris, France) using a focused beam with a wavelength of 
λ = 0.9398 Å and λ = 0.8857 Å, respectively. The raw data were processed and corrected 
for footprint and background contributions. More details on the topic can be found in 
references [126–128].  

XRR is a precise method for the investigation of surfaces and interfaces in multilayered 
systems. It is applied to determine the electron density profile in the out-of-plane direction 
(i.e. along the surface normal), the thickness, and roughness of the layers. Figure 3.4a 
demonstrates the scattering geometry of an XRR scan. The incoming and outcoming 
beams with the wave vectors kin and kout satisfy the specular condition, i.e. are oriented at 
the same angle θ to the sample surface. They move simultaneously during a scan in one 
plane. The scattering vector q resulting from the difference between these two wave vectors 
k is oriented along the surface normal (Z-axis) and can be written as: 

  푞 = sin(2휃),                                                         (3.1) 

where λ is the wavelength. Using the qz of a reflection, the lattice spacing d can be derived: 

푑 = ,                                                                  (3.2) 

Information about an organic layer can be evaluated from an XRR scan since it contains 
peculiar features (Figure 3.4b). Kiessig oscillations or fringes in the low qz-range originate 
from interference of beams both reflected from the top and the bottom interfaces of the 
film. Hence, the film thickness and roughness can be extracted from periodicity and 
damping of the oscillations. If the film is ordered in the out-of-plane direction, interference 
between the lattice planes gives rise to Bragg peaks. The lattice constant can be determined 
from the position of the main maximum, while a periodicity of the Laue oscillations on both 

Figure 3.3. Photograph of a portable UHV chamber mounted on a diffractometer for real-time 
experiments at beamline ID10b, ESRF. 
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sides gives a thickness of a crystallite formed by contributing layers. The critical angle αc 
(total reflection edge) depends on the electron density of the substrate.  

In this thesis, XRR data fitting was done with GenX [129] based on the Parratt 
formalism [130]. The corresponding scattering length density (SLD) (similar to the 
electron density) profile along Z-axis can be modelled, when the chemical composition is 
known. 

In order to explore the in-plane crystal structure, GIXD is applied. The scattering 
geometry is shown in Figure 3.5. The incidence beam is fixed at an angle below αc, this 
ensures an evanescent wave penetrating the surface, while the detector is scanning the 2Φ 
in-plane angular range. Thus, the resulting q-vector is almost parallel to the surface and 
can be associated with qxy: 

  푞 = sin .                                                         (3.3) 

Generally, organic crystalline thin films reveal a polycrystalline character in the in-plane 
(in contrast to single crystals) and a long-range order in the out-of-plane directions, 
therefore, they can be considered as a so called “two dimensional (2D) powder”. This allows 
GIXD to probe in-plane lattice spacings of differently oriented crystalline domains. From 
the width of in-plane Bragg reflections, the calculation of the coherently scattering 
crystallite size ls according to the Scherrer formula [131] is possible: 

Figure 3.4. (a) Scattering geometry of an XRR measurement. (b) Simulated data of an XRR
measurement of 15 completely filled and seven dilute layers of DIP on native SiOx. The image is 
taken from [101] and modified. 

Figure 3.5. Scattering geometry of a GIXD experiment, which can be used to probe the in-plane 
crystal structure. The image is taken from [101]. 
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푙 =   2휋퐾/FWHM,                                                          (3.4) 

where K is Scherrer’s constant close to unity and FWHM is the full width at half-maximum 
of a peak. 

Many synchrotron beamlines provide a 2D detector (for this thesis a PILATUS 300k at 
the ESRF and 100k at the SLS were used), which allows to collect a scattered signal with 
qz ≠ 0. The method consists in taking a mesh scan for collecting multiple images within a 
q-range of interest. All images taken in this thesis were evaluated and assembled together 
using MATLAB. The resulting reciprocal space maps provide information about the crystal 
unit cell and quality of the crystal order. In Figure 3.6, three cases for polycrystalline 
samples with different degree of crystallite misalignment along qz are demonstrated. 

3.3 Optical Spectroscopy 

The main focus of this thesis is the observation of optical signatures of intermolecular 
coupling in general and a CT in particular. For these purposes, three main spectroscopic 
techniques were applied: 

1) Variable angle spetroscopic ellipsometry (VASE) for the optical constants 
determination; 

2) Temperature-dependent photoluminescence (PL) for studying radiative 
recombination pathways; 

3) Differential reflectance spectroscopy (DRS) for real-time monitoring of changes in 
optical absorption spectra during the film growth. 

3.3.1 Variable Angle Spetroscopic Ellipsometry (VASE) 

Taking into account optical anisotropy in materials which exhibit crystalline order, it is very 
useful to consider optical features decoupled along different crystalline directions [1,114]. 
For this purpose, variable angle spectroscopic ellipsometery (VASE), which allows to probe 
optical anisotropy in thin films [132,133], was applied. The measurements were performed 
with a Woollam M2000 ellipsometer in an energy range of 0.7 − 5 eV in reflection mode. 
A schematic of the setup is shown in Figure 3.7. The spectrometer is controlled by the 
WVASE32 software from Woollam, which was also used to analyze the data [134]. The 

Figure 3.6. Schematic of diffraction patterns from a polycrystalline sample with (a) randomly 
oriented crystalline domains, (b) slightly misoriented crystalline domains along the qz-direction, 
(c) highly oriented crystalline domains along the qz-direction. The image is taken from [102]. 
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ellipsometer is installed on a Woollam goniometer with a possibility to vary the angle of 
incidence (AOI) from 40° − 90° relative to the surface normal, thus, providing an additional 
angle dependent information about the ellipsometric angles Ψ and Δ. The rotating 
compensator periodically changes the polarization state of the incoming light beam. When 
interacting with the sample, the polarization state of the reflected beam changes with 
respect to the incoming beam in accordance to the optical properties of the investigated 
material. 

The optical constants of uniaxial anisotropic thin films can be evaluated from the Ψ and 
Δ spectra. For this purpose, a multisample analysis is required. Therefore, two (or three) 
kinds of substrates, e.g. silicon with native oxide, silicon with thermal oxide or glass with a 
roughened backside, were used. Assuming the same optical properties on all substrates, 
coupled layers representing the film were applied to the model and the data sets were fitted 
simultaneously. Additional layers in the model describe a Si bulk substrate and a SiOx layer 
(or a SiOx bulk for glass). The coupled layer consists of two sublayers describing the in-
plane and the out-of-plane components of the dielectric function. In case of a rough sample, 
roughness can be modelled by an ‘effective medium approximation’ (EMA) layer according 
to the Bruggeman model [135]. 

The fitting algorithm can be based on two approaches: the ‘point-by-point fit’ and the 
‘normal fit’. When using a ‘point-by-point fit’ the optical constants are getting optimized in 
comparison with the experimental data for all points of the energy range and angles of 
incidence independently. The result in this case is not necessarily Kramer-Kronig-
consistent [136,137]. When performing a ‘normal fit’, the optical constants are modelled 
by sum of Gaussian oscillators representing the optical transitions in agreement with the 
Kramer-Kronig relation. In this case, the resulting spectra are sensitive to the given starting 
parameters. 

3.3.2 Temperature-Dependent Photoluminescence (PL) 

In photoluminescence (PL) spectroscopy, the emission of a thin film upon laser excitation 
is measured. It is a highly sensitive technique to probe intermolecular interactions 
stemming from the arrangement in solid-state organic films [1,138,139] (see Section 2.3). 

Figure 3.7. Schematic of an ellipsometric measurement. Light with a polarization state periodically 
changed by the rotating compensator is reflected by the sample. The new polarization state is 
measured by an analyzer and a spectrometer. The images is taken from [107]. 
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PL spectra were measured with a Labram HR 800 spectrometer (Horiba Jobin Yvon, 
France) with a nitrogen cooled charge-coupled device (CCD) 1024×256-OPEN-3S9 
detector and a monochromatic frequency-doubled Nd:YAG laser (532 nm wavelength / 
2.33 eV) or a He-Ne laser (633 nm / 1.96 eV). For temperature-dependent measurements, 
a Linkam sample stage was used. This allows to cool down a sample using liquid N2 to 
~77 K in a protective dry N2 atmosphere.  

The optical path of the spectrometer is illustrated in Figure 3.8.  A laser beam can be 
attenuated by the density filter. A video-camera, which allows to use the spectrometer as a 
microscope, is coupled to the optical path through a beam splitter between lens 2 and the 
objective. A changeable grating (150 or 1800 lines) defines spatial and spectral resolution 
of the diffracted light on a CCD detector. 

3.3.3 Differential Reflectance Spectroscopy (DRS) 

In order to correlate the optical features with the structural properties, differential 
reflectance spectroscopy was used, which allows monitoring the development of the in-
plane component of the thin film absorption from the beginning of film formation with 
high time resolution [1,140–143].  

The DRS setup consists of a fiber coupled USB2000+ spectrometer, working in an 
energy range between 1.4 – 3 eV, and a DH-2000 lamp (Ocean Optics, U.S.A.) (Figure 
3.9). The optical fiber together with a focusing lens is mounted on a UV-Vis transparent 
window of the OMBD chamber at a position ensuring normal incidence of the light. The 
beam is reflected by the sample and goes back through the splitted fiber to a detector. A 
film growing on the substrate changes the reflected signal and the difference can be 
converted to a DRS signal in the following way [144]: 

Figure 3.8. Optical path of the confocal spectrometer. The beam (blue) enters the system and is 
focused through the pinhole. It is reflected by the edgefilter and excites the molecules of the sample. 
The scattered light is returned to the edgefilter, lower-energetic light (green) passed and focused 
through the confocal pinhole. The light is sent by the parabolic mirror onto the grating and is there 
dispersed into its spectral components. A CCD captures the spectrum. The image is taken from 
[113]. 
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퐷푅푆 =  ( ) ,                                                           (3.5) 

where R0 is the intensity of a signal reflected by the bare substrate which is changing to 
R(d) while a film of thickness d is growing on the substrate. Thus, the DRS signal is 
independent of the incoming intensity. However, the signal is extremly sensitive to any 
fluctuations in the surrounding light or thermal drifts of the substrate. The best 
compromise between the time resolution and signal-to-noise ratio is ensured by averaging 
4000 – 6000 scans every two minutes. Figure 3.10 provides an example of such a 
measurement.  

Using the DRS signal, the in-plane component of the film dielectric function ε2,xy can be 
evaluated when the real-part of the dielectric function of a transperent substrate ε1,sub is 
known (in this thesis, glass wafers with roughened backside in order to avoid doubled 
reflection were chosen) [145]: 

퐷푅푆 (퐸) =  
( ( ) )

휀 (퐸),                                              (3.6) 

Note, the approximation is only valid in case of very thin films when d << λ.  

 

Figure 3.9. Schematic of a DRS setup: the light passing through the optical fiber from the halogen 
lamp to the chamber is reflected from the sample and delivered through the fiber to the detector. 
The images is taken from [114]. 

Figure 3.10. Exemplary DRS measurement of a DIP film during growth. 
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3.4 Further Methods 

The details for this section are based on Ref. [2]. 

3.4.1 Morphology and IR/NIR/Vis/UV Spectroscopy  

The surface morphology was measured by atomic force microscopy (AFM) using a JPK 
Nanowizard II instrument in tapping mode under ambient conditions. Image analysis was 
performed with Gwyddion [146]. Absorption and fluorescence spectra in ClCH3 solution 
were recorded with a Varian Cary ultraviolet/visible range (UV/Vis) spectrophotometer 
(Varian, The Netherlands). Infrared (IR) spectra were obtained in transmission mode with 
a Vertex 70 (Bruker) Fourier-transform IR (FTIR) spectrometer at the Brewster’s angle of 
silicon (74˚). The theoretical IR spectra were calculated with TURBOMOLE software. 
UV/Vis/near-IR (NIR) absorption spectra were obtained using a Varian Cary 5000 
spectro-photometer (Agilent Technologies) at normal incidence. The time-resolved PL 
studies were carried out with a Hamamatsu streak camera. The excitation wavelength was 
set to 460 nm, employing a lithium triborate crystal for second harmonic generation. 

3.4.2 Ultraviolet Photoelectron Spectroscopy (UPS) 

Thin films for ultraviolet photoelectron spectroscopy (UPS) measurements were grown 
under high vacuum conditions (base pressure below 10-8 mbar) onto (100)-oriented Si 
wafers with a native oxide layer and onto highly oriented pyrolytic graphite (HOPG) 
substrates by molecular beam deposition. Prior to the film deposition, the SiOx substrates 
were cleaned in a ultrasonic bath with acetone, isopropanol, and deionized water for at least 
15 min. Atomically smooth graphite surfaces were prepared via exfoliation of HOPG 
(Optigraph GmbH, ZYA quality, mosaic spread 0.4°±0.1°) in air. After careful outgassing, 
DIP and PDIR-CN2 were evaporated at a constant molecular flux of ~10 Å/min, as 
monitored by a QCM. The nominal film thickness was determined by the QCM and further 
cross calibrated using subsequent AFM measurements. 

The photoemission experiments were performed at the beamlines PM4 LowDosePES 
(end station SurICat) and UE52 (end station UE52-PGM Multicolor) at the synchrotron 
storage ring BESSY II at Helmholtz-Zentrum Berlin. Both end stations permit to transfer 
the samples between preparation (base pressure 10-8 mbar) and analysis chamber (base 
pressure 10-10 mbar), thus, enabling an in situ characterization. The photon excitation 
energies were 35 and 120 eV. Photoelectrons were detected using a Scienta SES 100 
hemispherical electron spectrometer, consisting of a microchannel plate and a CCD 
camera. The energetic resolution of the chosen settings was 50 meV. Additional 
experiments used an in-house setup, equipped with a He discharge lamp (EEXC = 21.2 eV) 
and a Scienta EA125 hemispherical analyzer.  
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3.4.3 Device Fabrication and Characterization 

For the fabrication of the solar cells, commercially available glass substrates coated with 
pre-structured 140 nm indium tin oxide (ITO) (purchased from Thin Film Devices, Inc., 
CA; sheet resistance ≈ 20 Ω/square) were used. The substrates were cleaned with deionized 
water, acetone and isopropyl alcohol. Afterwards, a polymeric hole injection layer of 
HIL 1.3 (purchased from Heraeus Clevios GmbH, Germany) was spin-coated from an 
aqueous solution on ITO, resulting after annealing for 30 minutes on a hot plate at 125 °C 
under ambient conditions, in approximately 30 nm thickness. DIP and PDIR-CN2 were 
evaporated onto the substrate by organic molecular beam deposition with the substrate at 
room temperature and at a base pressure lower than 2×10-6 mbar. As cathode material, 
100 nm aluminum was thermally deposited through a shadow mask onto a previously 
applied 5 nm thick exciton blocking layer of bathocuproine (BCP). Each sample had four 
pixels with an active area of A = 4 mm2. 

The layer sequence for the planar heterojunction (PHJ) solar cell was: ITO / HIL 1.3 / 
DIP (50 nm) / PDIR-CN2 (40 nm) / BCP / Al. To achieve the same nominal thickness of 
the active layer for the planar-mixed heterojunction (PM-HJ) solar cell, 20 nm DIP, 50 nm 
of a 1:1 mixture of DIP:PDIR-CN2 by co-evaporation and 20 nm PDIR-CN2 were 
subsequently deposited. 

Current density-voltage (j-V) characteristics were recorded with a Keithley 236 source-
measure unit and FLUKE 8845A precision multimeter. The currents were measured in the 
dark and under simulated one sun AM1.5G, 100mW/cm2 illumination with a Xe-lamp. All 
measurements were performed in a glove box under nitrogen atmosphere and at room 
temperature.  

Electroluminescence measurements were carried out by using a liquid-nitrogen cooled 
CCD camera (PyLoN:100BR eXcelon, Princeton Instruments) coupled with a 
spectrometer (SP2300i, Princeton Instruments) with a spectral sensitivity in the 
wavelength range of approximately 300-1000 nm. The measurements were performed 
under a dc voltage drive from a Keithley 2400 source meter.  

Incident photon-to-current efficiency (IPCE) spectra were detected under 
monochromatic illumination (Omni-λ300 Monochromator/Spectrograph, Zolix 
Instruments Co., LTD.) equipped with a halogen lamp and a light-beam chopper. The 
setup was calibrated with a silicon photodiode. The short circuit current measurements 
according to the incident wavelength were carried out by using a lock-in amplifier 
(Stanford Research Systems SRS830 DSP). 

Conductivity measurements were performed on blended films with different mixing 
ratios deposited on glass substrates with interdigitated ITO electrodes in the dark and 
under illumination with a halogen lamp using a Keithley 2612A source-meter unit.  

3.4.4 Near-Edge X-ray Absorption Fine Structure (NEXAFS) 

Utilizing the dichroism of X-ray absorption, NEXAFS spectroscopy allows the 
determination of the average molecular orientation in thin films, perfectly supplementing 
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the information gained from XRD. The exact intensity dependence for π*-transitions for 
substrates of at least threefold-symmetry is given by Equation 3.7 [147]. 

All samples for the near-edge X-ray absorption fine structure (NEXAFS) measurements 
were deposited under high vacuum conditions (base pressure 10-7 mbar) and nominal 
growth rates of 4 nm/min for DIP and 3 nm/min for PDIR-CN2. The NEXAFS 
measurements were performed at the beamline D1011 of the synchrotron storage ring 
MAX II at MAX IV laboratory, Lund University, Sweden. The used light is linearly 
polarized. Through the end station an energy resolution of about 50 meV around the 
carbon K-edge is achieved. All NEXAFS spectra were recorded in total electron yield mode. 
Contributions from the substrate, which overlap with the sample signature, were 
subtracted to isolate the unadulterated thin film spectra. The observed dichroisms were 
analysed using Equation (3.7), to obtain the average molecular orientation [147,148]: 

           퐼 ∗(휃,훼) ∝ 푃 ⋅ cos (휃) ⋅ cos (훼) − + sin (훼),                      (3.7) 

Here, θ is the angle of incidence between the incoming X-ray photons and the sample 
surface plane, α is the average molecular inclination angle between molecular plane and 
substrate surface and P = 0.975 is the degree of polarization, characteristic for the beamline. 
Additionally, an angular offset θoffset was introduced during the fit routine, to account for 
small angular misalignment of the sample. Since Equation 3.7 is symmetric around 
θ = 90°, the last data point (θ = 90°+θoffset) was mirrored to (θ = 90°-θoffset) to achieve visual 
uniformness, without loss of generality. 
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CHAPTER   4 

MATERIALS 

4.1 Donors: Diindenoperylene (DIP) and Pentacene (PEN) 

The thesis presents a study on four different small molecule D/A systems. As donor 
materials, two widely used well-studied p-type small-molecule semiconductors were taken 
– diindenoperylene (DIP, C32H16) and pentacene (PEN). Both OSCs have proven to be 
successful materials in organic electronic applications, in particular, as donors in OPV 
devices [149–151] and p-type semiconductors in OFETs [152,153]. The chemical 
structures of the compounds are shown in Figure 4.1. A DIP molecule consists of a perylene 
core conjoined with two indeno groups along the long molecular axis. PEN energy gap is 
smaller and the HOMO level is by ~0.5 eV higher than those in DIP (the energy levels in 
Figure 4.1 are provided in accordance with Refs. [2,154,155] and relevance for thin films). 
A PEN molecule is composed of five linearly-fused aromatic rings and is smaller than DIP. 
One of the aspects of the material choice for the study is a relative orientation of the TDM 
of the first HOMO-LUMO transition μ (depicted by yellow arrows in Figure 4.1). Typically 
for rod-like molecules, the TDM of DIP is oriented along the long molecular axis. In a PEN 
molecule due to the asymmetrical distribution of the HOMO, μ is oriented along the short 
molecular axis [156] (Figure 4.2), which makes the compound a good candidate to 
investigate the impact of the μ relative orientation on the CT between D and A molecules. 

The monomer spectra in solution are shown in Figure 4.2. The DIP spectrum in acetone 
is taken from [109] and the spectrum of PEN diluted in 1,2-dichlorobenzene is taken from 
[157]. Both spectra reveal a Poisson-distributed vibronic progression with the I0-1/I0-0 

Figure 4.1. Small molecule donor OSCs used in the study: (a) DIP and (b) PEN. Atom color code: 
C – dark grey, H – light grey. Numbers of the molecule dimensions (including the van der Waals 
radius) and energy levels are relevant for the thin films in accordance with the reported crystal 
packings. Yellow arrows depict the orientation of the HOMO-LUMO transition dipole moment μ. 
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transition intensity ratio of ~0.65-0.75, which corresponds to the Huang-Phys parameter 
smaller than unity [109]. Due to the smaller optical gap ΔEopt, the PEN monomer spectrum 
is red-shifted by ~0.2 eV, which also leads to a difference in the optical properties in thin 
films (Section 7.2).  

Both materials exhibit a herringbone packing motif predominantly in standing-upright 
orientation when growing thin films on an inert substrate at deposition temperatures above 
300 K (SiOx etc.) (Figure 4.3). The crystal lattice parameters of the polymorphs relevant 
for this thesis are listed in Table 4.1 including the bulk phase of PEN. Due to the 
herringbone packing, each unit cell consists of two translationally unequivalent molecules 
(DIP unit cell is monoclinic and PEN unit cells are triclinic). 

Table 4.1 Unit cell parameters of DIP and PEN crystal phases. 

Phase a, Å b, Å c, Å α, ° β, ° γ, ° Va, Å3 

DIP (HT-phase) [158] 7.17 8.55 16.80 90 92.42 90 1029 

PEN (thin film) [159] 5.92  7.54 15.63 81.5 87.2 89.9 689 

PEN (bulk) [160] 6.06  7.90 15.01 81.6 77.2 85.8 692 

a volume        

Figure 4.3. Molecular packing of (a) DIP and (b) PEN in thin films. Both materials exhibit a 
herringbone packing in thin films under the studied conditions.  

Figure 4.2. (a) Single particle HOMO wavefunction of isolated PEN molecule. The dark color 
represents a positive sign, the light color a negative sign; (b) and (c) UV/Vis optical absorption 
spectra in solution: (b) DIP in acetone and (c) PEN in 1,2-dichlorobenzene. The images are taken 
from [156], [109], [157] and modified. 
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4.2 Acceptors: Perylene Diimide Derivatives PDIR-CN2 and 
PDIF-CN2 

The acceptor materials have been described in Ref. [1]. They are presented by perylene 
diimide derivatives (PDIs), a well-known family of electron-accepting small molecule 
organic semiconductors applied as active layers in OFETs [4,5,161,162] and OPVs 
[58,163–165]. PDIs have demonstrated outstanding chemical and thermal stability [166], 
processability, electron transport properties, high light absorption capability, high 
fluorescence quantum yields [29,164], and they hold the promise to surpass fullerenes once 
a proper functionality control is achieved [6,58,167]. PDIs consist of a perylene diimide 
core, responsible for a strong intermolecular π-π interaction driving a cofacial stacking, and 
thus, a high tendency to self-assembly. Due to this strong attraction forces, the molecules 
reveal extremely weak solubility; incorporation of different side substituents, which 
weaken the π-π interaction, allowed to solve the problem and made PDIs approachable for 
electronic application [29,163,164,168]. The side substitutions in an imide or bay position 
are easily changeable by synthesis and result in a variety of structures and morphologies 
and consequently physical properties of thin films and devices [163,167,169]. The 
properties of PDIs containing linear alkyl chain substituents at the imide position (such as 
N,N′-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide), PDI8-CN2) have already 
been widely studied in literature [138,170,171]. Despite the evident importance of the side 
groups for the thin film properties, their influence on mixing behavior in BHJ with small-
molecule donors and the CT properties have not been disclosed yet. 

In the present thesis, the focus is on two variations of PDI compounds: N,N′-bis-(2-
ethylhexyl)-dicyanoperylene-3,4:9,10-bis(dicarboxyimide) (PDIR-CN2) with branched 
alkyl side chains and N,N′-1H,1H-perfluorobutyl-dicyanoperylene-3,4:9,10-
bis(dicarboxyimide) (PDIF-CN2) with linear fluorinated chains (Figure 4.4). These 

Figure 4.4. Small molecule acceptor OSCs used in this study: (a) PDIR-CN2 and (b) PDIF-CN2. 
Atom color code: C – dark grey, H – light grey, O – red, N – lilac, F - green. Numbers of the 
molecule dimensions and energy levels are relevant for the thin films in accordance with the 
reported crystal packings. Yellow arrows depict the orientation of the HOMO-LUMO transition 
dipole moment μ.  
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compounds are among the most interesting n-type small molecule OSCs due to their air 
stability and high field-effect electron mobilities with reported values in thin films of 0.22 
and 0.53 cm2/V·s, respectively, exceeding 0.12 cm2/V·s measured for PDI8-CN2 
[162,172,173]. As one can expect from the high electronegativity of fluorine, the main 
difference between the two compounds is the energy-level shift of PDIF-CN2 compared 
with PDIR-CN2. The IE of PDIR-CN2 in thin films is 6.81 eV and the EA is 3.93 eV. 
PDIF-CN2 in thin films has an increased IE of 7.43 eV and an EA of 4.41 eV. The transport 
gap in thin films remains nearly identical (2.88 and 3.02 eV, respectively) as well as the 
monomer optical gap (2.37 and 2.39 eV taken as the lowest peak of a vibronic progression 
of absorption spectra measured in solution, see Figure 4.5b), which contrasts with the case 
of full fluorination [174–176]. According to density functional theory (DFT) results 
obtained in several independent studies for this class of OSCs, the highest occupied and the 
lowest unoccupied molecular orbitals (HOMO and LUMO) of the compounds are 
concentrated on the perylene diimide core and, therefore, substituents in the imide 
positions are expected to have only a weak impact on their distribution [36,164,167] 
(Figure 4.5a). Hence, the strong change of electronic properties is supposed to stem from 
the environment in the solid state, i.e. the collective anisotropy of the quadrupole moment, 
while isolated molecules are less affected [177].  

In contrast to DIP and PEN, the acceptor thin films produced by vacuum deposition 
were not investigated with all thoroughness. A crystal structure of PDIR-CN2 was 
determined for annealed spin-coated films and found to consists of highly tilted (inclination 
angle is ~53°) slip-stack (displaced along the long molecular axis) packed molecules [178] 
(Figure 4.6). PDIF-CN2 films were found to exhibit no crystallinity when deposited at room 
substrate temperatures (RT). The crystal phase obtained by deposition at high substrate 
temperatures (HT) above 100 °C is composed of almost standing-upright (inclination 
angle is ~74°) slip-stacked (displaced along both long and short molecular axis) molecules 
[179]. The corresponding lattice parameters are provided in Table 4.2. 

 

Figure 4.5. (a) LUMO distribution over PDIF-CN2 molecule illustrating the negligible impact of the 
side substituents. The dark color represents a positive sign, the light color a negative sign. The 
image is taken from [33]; (b) Normalized absorption (solid) and photoluminescence (dotted) 
spectra in CHCl3 solution. 
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Table 4.2. Unit cell parameters. 
 

  

Phase a, Å b, Å c, Å α, ° β, ° γ, ° V, Å3 

PDIR-CN2 (spin-coated)[178] 6.30 8.81 16.56 88.32 84.6 110.63 854.55 

PDIF-CN2 (single 

crystal)[179] 
5.23 7.64 18.8 92.51 95.25 104.73 722.52 

PDIF-CN2 (Langmuir-Blodgett 

ML)[180] 
5.61 8.05 ‒ ‒ ‒ 104.75 ‒ 

a and b are parallel to the substrate surface 

Figure 4.6. Molecular packing of (a) PDIR-CN2 in spin-coated films and (b) PDIF-CN2 in single 
crystal deposited at Tsub = 110 °C. In both cases a parallel stacking is observed with a displacement 
along the long and the short (small in PDIR-CN2 and more prominent in PDIF-CN2) molecular 
axes.  
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CHAPTER   5 

GROWTH AND PACKING BEHAVIOR OF 
PDIR-CN2 AND PDIF-CN2 THIN FILMS  

The following chapter is fully based on the published work Belova et al. [1]. This chapter 
provides a study on growth of two acceptor materials PDIR-CN2 and PDIF-CN2 whose 
chemical structures differ only in the imide substituents: branched alkyl chains –C8H16 and 
linear fluoroalkyl chains –C4F7H2, respectively. In contrast to sterically flat and small 
molecules (e.g. PEN [181], DIP [123], sexithiophene (6T) [182], etc.), the bulky side chains 
of the studied compounds introduce some degree of steric hindrance for intermolecular 
interactions, affecting solid state packing during thin film formation, and thus induce 
specific structure-dependent optoelectronic properties in thin films. A real-time growth 
observation by X-ray diffraction methods allows to follow a transition from nearly 
uncoupled monomers to highly ordered bulk materials. The thickness-dependent 
crystallization processes are compared with real-time optical changes recorded by 
differential reflectance spectroscopy (DRS) [141]. Kinetic growth factors were explored by 
increasing the substrate temperature and the role of different substituents comparing 
growth and packing-dependent coupling behavior of the compounds. 

5.1 Structural Investigation by X-Ray Diffraction 

One of the main characteristics of PDIs is a strong non-covalent intermolecular interaction 
favoring 1D self-assembly in a face-to-face or slipped π-π stacking manner. Numerous 
kinds of such aggregation motifs (up to liquid crystals) have been widely studied for 
solution processes, [169,183,184] however the growth behavior during vacuum deposition 
still remains to be clarified. 

Figure 5.1 shows reciprocal space maps (qxy is the momentum transfer parallel to the 
sample surface, whereas qz is perpendicular to the sample surface) measured post-growth 
on thin films of PDIR-CN2 (Figure 5.1a-c) and PDIF-CN2 (Figure 5.1d-h) grown by 
OMBD on silicon substrates at different substrate temperatures during deposition. 

PDIR-CN2 deposited at room temperature (RT) (Figure 5.1a) exhibits a diffraction 
pattern similar to a spin-coated, annealed film reported by Ferlauto et al. [178] 
corresponding to molecules tilted on the surface with a longitudinal displacement. The 
corresponding unit cell is triclinic and contains one molecule. The same unit cell is observed 
for films grown at substrate temperatures up to 120 °C. At this temperature, new weak 
features emerge in addition to the present peaks (see GIXD in Figure 5.2). These weak 
features, which have not been observed before, become more pronounced at higher 
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temperatures (Tsub = 130 °C, Figure 5.1b) and they are presumably associated with 
nucleation of a yet unreported polymorph. The improved crystallinity at 130 °C gives the 
opportunity to fit the unit cell parameters (see the white circles marking simulated 
positions of Bragg reflections in Figure 5.1b and the corresponding lattice parameters in 
Table 5.1) considering the film refractive index [185]. The improvement of crystallinity 
with increasing temperature followed by an enhancement of charge transport 
characteristics was reported for PDIR-CN2 [162] as well as for a similar compound 
PDI8-CN2 [5], a related compound containing a linear alkyl chain. With further increase of 
the substrate temperature (Tsub = 140 °C, Figure 5.1c) the room temperature (RT)-phase 
is almost vanishing and only the new high temperature (HT)-phase dominates. Red 
crosses show the fit (Figure 5.1c) of the HT-phase crystal structure which results in a 

Figure 5.1. Reciprocal space maps measured post-growth: (a)-(c) PDIR-CN2 and (d)-(h) 
PDIF-CN2 grown at different Tsub. Calculated Bragg peak positions (white circles, red crosses, 
yellow stars – see legend) are provided without structure factor and taking the refractive index into 
account[185]. For figures (b), (c), and (h) the calculated Miller indices of the corresponding 
truncation rods are provided on top. The diffraction rings at q = 0.7 Å-1 present in (a), (c), (d) and 
(h) and q = 1.52 Å-1 present in (d), (g), and (h) are attributed to a kapton window and a Be window, 
respectively, and the feature in the upper-right corner of (e) is assigned to Si (111). 
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monoclinic unit cell with a doubled volume (Table 5.1) and two molecules per unit cell. We 
note that the HT polymorph cannot be induced by annealing the RT film (kept at 130 °C 
for 1 hour, Figure 5.2). This observation suggests that more degrees of freedom for 
intralayer diffusion are required for enabling the phase transition.  

In contrast to PDIR-CN2, the second compound PDIF-CN2 exhibits only a very weak 
crystallinity at RT [172]. In Figure 5.1d a weak scattering with an intensity maximum 
around 1.2 Å-1 in the out-of-plane direction is observed giving a hint to a weakly-ordered 
lying down preferred molecule orientation (see Figure A.1 in Appendix for the full range 
q-map). With Tsub elevated up to 110 °C the diffraction feature is stronger with a maximum 
in the in-plane direction (Figure 5.1e). Based on the known crystal structure of PDIF-CN2 
single crystal [179], this indicates that the molecules adopt a more standing-up orientation, 
i.e. the tilt angle between the molecular long axis and the substrate normal is small, at 
higher Tsub. 

 Table 5.1. Calculated unit cell parameters. 

The Bragg peaks in the qz-range below 0.8 Å-1 characteristic of a uniaxially ordered 
polycrystalline thin film occur at Tsub = 120 °C (Figure 5.1f). Bragg peaks at higher qz 
appear at Tsub = 140 °C (Figure 5.1g). The reflections along the different truncation rods 
are clearly defined at Tsub = 160 °C (Figure 5.1h), the highest temperature at which 
PDIF-CN2 adsorbs on the native SiOx surface under the applied experimental conditions. 
The fitted unit cell parameters listed in Table 5.1 (the corresponding best fit of the Bragg 
reflection positions is shown in Figure 5.1h as yellow stars) differ slightly from the reported 

 a, Å b, Å c, Å α, ° β, ° γ, ° V, Å3 
PDIR-CN2 thin film 

RT phase(measured at 130°C) 
6.44 8.99 16.59 87.52 86.21 112.55 882.66 

PDIR-CN2 thin film 
HT phase 

9.33 12.07 16.93 105.24 90 90 1839.49 

PDIF-CN2 thin 
film(measured at 160°C) 

5.53 7.52 20.4 87.12 101.45 106.31 797.99 

Figure 5.2. GIXD scans of PDIR-CN2 RT films after annealing up to 130°C and PDIR-CN2 grown 
at 120 °C. The Bragg peaks belonging to the HT-phase are marked with dotted lines. 
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single crystal structure [179] and the Langmuir-Blodgett monolayer (ML) [180]. Both 
PDIF-CN2 and the RT-phase of PDIR-CN2 exhibit an increase of the unit cell volume by 
~10 % in comparison with the reported structures, however, this might be caused by 
thermal expansion due to measurements at high substrate temperature.  

In order to investigate the stacking of the molecular layers in the out-of-plane direction 
XRR scans were performed. The data presented in Figure 5.3 and Figure 5.4 confirm the 
structural changes found upon increasing Tsub as described above. The PDIR-CN2 films 
grown at high Tsub reveal an enhanced crystallinity, which can be seen through the 
increased (001) and (004) Bragg peaks intensity. The interlayer spacing dz evaluated from 
the film grown at 140 °C (orange curve) does not deviate strongly from the RT-phase 
(Table 5.2). This might point towards a variation of the unit cell predominantly along the 
a- and b-axis. More dramatic changes were observed for PDIF-CN2 following the transition 
from the amorphous (RT) to the highly textured film (160 °C, (003) and (004) Bragg 
reflections being the most pronounced). 

Table 5.2. Out-of-plane thin film characteristics extracted from XRR profiles. 

An interesting effect of strong suppression of some of the Bragg reflections is observed 
in both cases. In order to quantify how the molecular arrangement influences the 
reflectivity scans, a fit of the reflectivity curves was performed using GenX [129]. Since 
each molecule consists of a perylene diimide core and two side chains, each ML in the 
model was divided into three sublayers with a void layer between MLs varying their relative 
electron density, thickness, and roughness. The fits reproduce the Bragg peak intensities 
accurately. The resulting electron density ρe profiles along the surface normal extracted 
from the best XRR are shown in Figure 5.5 and Figure 5.6 and the corresponding 
parameters are presented in Table 5.2. As seen from the fit, for PDIR-CN2 the difference in 
electron density between the core and the side chains is pronounced and the ρe 
demonstrates a clear tendency towards increased oscillation amplitude at higher deposition 
temperature. One of the reasons for that behavior is the improved crystalline order in HT 

 d, nm 흈푿푹푹, nm 흈푨푭푴 , nm 풅풁, Å 
average 

inclination 
anglea, ° 

PDIR-CN2 RT 21.6 1.5 1.0 16.75 44 

PDIR-CN2 130°C 24.3 1.6 1.1(120°C) 16.73 32 

PDIR-CN2 140°C 20.7 1.3 1.8 16.46 16 

PDIF-CN2 RT 29.4 2.0 0.8 ‒  

PDIF-CN2 140°C 27.3 6.0 7.5 20.6  

PDIF-CN2 160°C 20.4 2.5 1.9 20.4  

a Here, the inclination angle is the average angle between the long molecular axis and the surface. 
The approximate values are assumed using a single molecule model (see Figure 5.7) and given 
to illustrate the general temperature dependence. 
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films that makes the contrast between layers more pronounced. Nevertheless, a more 
detailed view on the shape of the single oscillation is given in Figure 5.7a in comparison 
with the simulated electron density distribution along the vertical axis in Figure 5.7b. For 
the simulation three different molecular orientations relative to the substrate surface were 
modeled (Figure 5.7c). The sharpest distribution observed for the highest temperature 
(PDIR-CN2 at 140 °C) corresponds to the smallest inclination angle (here the angle 
between the molecular long axis and the substrate surface) whereas the truncated shape is 
obtained for increased inclination angles towards more standing-upright position [186]. 
The smaller values of the inclination angle in PDIR-CN2 films grown at HT are consistent 
with the presence of a different crystal polymorph. 

Figure 5.3. X-ray specular reflection curves of PDIR-CN2 films deposited at different temperatures. 
Vertical lines indicate the Bragg peak positions for the RT scan. Black curves are fits using a 
multilayer model for the electron density. The curves are offset vertically for clarity. 

Figure 5.4. X-ray specular reflection curves of the PDIF-CN2 films deposited at different 
temperatures. Vertical lines indicate the Bragg peak positions for the 160 °C scan. The black curve 
reproduces the fitted intensity using a multilayer model for the electron density. Vertical offset for 
clarity. 
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The main difference between the fit and the model is the distribution width, which does 
not change in the former case. This can be explained by the simplification in the model 
where a single molecule with the side chains in the folded conformation is used, whereas 

Figure 5.5. Calculated electron density profiles extracted from the fit of the XRR curves for 
PDIR-CN2 films deposited at different temperatures. 

Figure 5.6. Calculated electron density profiles extracted from the fit of the XRR curves for 
PDIF-CN2 films deposited at different substrate temperatures. The inset shows a zoom-in of the 
variation of the electron density at 140 ˚C. 
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in real films the chains due to their flexibility may take various conformations inside a 
molecular array. Also, a molecule may rotate around its long axis keeping the interlayer 
spacing constant despite of a small decrease of the inclination angle. Nevertheless, the 
model demonstrates the general trend of highly tilted PDIR-CN2 molecules in films 
prepared at high substrate temperatures, which is in agreement with our optical data (see 
Section 5.2).  

For the nearly amorphous PDIF-CN2 at RT in the absence of a Bragg peak a simple 
model with a single organic layer was used. Thus Figure 5.6a describes the average electron 
density of the film. The electron density ρe of 0.4 Å-3 is similar to the average in crystalline 
films. Unlike PDIR-CN2, the standing PDIF-CN2 molecules exhibit only weak modulations 
of the ρe (Figure 5.6b,c). The low contrast variations in ρe for PDIF-CN2 at 140 ˚C are 
visible in the zoomed-in inset. Films deposited at 160 °C are strongly crystalline but due 
the high electron density of the side chains the contrast between molecular core and side 
chains is very small. When compare both PDIR-CN2 and PDIF-CN2 molecules, the ρe of 
the fluorinated chain is higher (0.420 Å-3) than the ρe of the alkyl chain (0.312 Å Å-3) and 
the perylene diimide backbone (0.405 Å-3) due to the higher atomic number of fluorine 
atoms (the values are taken from the HT fits). 

 In addition to information on the crystal structure, XRR is a precise method to 
determine thickness and roughness. These parameters extracted from width and depth of 

Figure 5.7. (a) Calculated electron density obtained from Figure 5.5 with a focus on a single ML. 
(b) Simulated electron density profile projected on the vertical axis for different PDIR-CN2 molecule 
orientation varying the angle between the long molecular axis and the horizontal plane. Note, that 
the distribution width depends on the side alkyl chains conformation, for which folded chains are 
used in the model, whereas in films the chains might be straightened out (c) Sketch illustrating the 
orientation change used in the model. 
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the Kiessig oscillations (i. e. the interference oscillations at low qz) are shown in Table 5.2. 
All PDIR-CN2 films exhibit a small surface roughness (σ does not exceed 2 nm) and no 
strong changes upon the temperature increase are observed. However, the roughness of 
PDIF-CN2 films change non-monotonously with the substrate temperature. It changes 
from a very smooth film with (σ ≈ 2.0 nm) to a much rougher surface (σ ≈ 6.0 nm) and 
then, with the further temperature increase, the film becomes smooth again (σ ≈ 2.5 nm). 
For further investigations of this behavior and other surface properties the reader is 
referred to the discussion of the AFM images further below. 

5.2 Optical Absorption Spectra  

The in-plane (ε2,xy)  and out-of-plane (ε2,z) component of the dielectric function (i. e. 
parallel and perpendicular to the substrate plane, respectively) of different PDIR-CN2 and 
PDIF-CN2 thin films are shown in Figure 5.8 in comparison with the absorption spectra in 
solution. The spectral shape of ε2,xy of PDIR-CN2 films does not deviate strongly from the 
solution one, although a  significant red-shift of about 200 meV is present. An interesting 
observation is that the magnitude of the lowest transition I0-0 (at 2.18 eV) is increasing with 
Tsub as well as its ratio to the second vibronic peak (at 2.32-2.40 eV): I0-0/I0-1 for the RT 
film is ~1.3 and increases up to ~3.0 in the 140 °C film.  

Also, a substructure of the vibronic peaks in the 140 ˚C film (e. g. at 2.3 and 2.5 eV) 
shows up giving a hint towards the presence of a second component. The out-of-plane 
component is much less intense, which is explained well by the highly tilted molecular 
orientation with a transition dipole moment μ mostly located in the xy-plane. Furthermore, 
the 0-0 out-of-plane transition undergoes a splitting appearing at Tsub = 120 °C, which 
becomes very pronounced at Tsub = 140 °C. This feature is possibly a Davydov splitting 
keeping in mind the HT-phase with two molecules per unit cell as shown before. Both ε2 
spectra were fitted with Gaussians to confirm the presence of two Davydov components in 
the optical transitions. The fit is provided in Figure A.2 in Appendix. The temperature 
dependent spectral changes are also consistent with the orientational changes towards 
more lying down molecules of the HT-phase (Table 5.2). Due to the Davydov splitting 
being an anisotropic effect sensitive to the intermolecular geometry [110,114] and the 
transition dipole moment of PDI being oriented along the long molecular axis, the decrease 
of the inclination angle in PDIR-CN2 at 140 °C film results in an intensity increase of the 
lowest transition (0-0), which belongs to the low energy Davydov component oriented in 
the in-plane direction. 

PDIF-CN2 thin films reveal a qualitatively different optical behavior (Figure 5.8c,d). The 
RT film exhibits a small red-shift of only 40 meV compared to the solution spectrum and a 
similar shape for both anisotropic components with the I0-0/I0-1 ratio close to unity 
(whereas in solution the ratio is ~1.5). The similarity with the spectrum in solution can be 
explained by the low crystallinity of the thin films which leads to reduced intermolecular 
interaction and therefore to an optical response of the molecular aggregates similar to that 
of the single molecule. Nevertheless, the distortion of the Poissonian Franck-Condon 
vibronic progression determined in solution (Figure 4.5b and 5.8) evidences that a weak 
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coupling is still present. As in the previous case of PDIR-CN2, the horizontal component is 
also stronger here although the difference is not as dramatic (only twofold instead of 
fourfold). This is consistent with the observation of a weak preferred in-plane orientation 
in the almost disordered film (Figure 5.1d). When growing at higher substrate 
temperatures, the absorption spectrum undergoes significant changes. First, the horizontal 
and vertical components swap their relative intensities as a consequence of the 
orientational change when going from a weakly ordered to a crystalline film where 
molecules stand up-right relative to the substrate surface. At 110 °C a blue shift of the 
absorption maximum for the out-of-plane direction towards 2.6 eV is observed. Moreover, 
a pronounced red-shifted transition around 2.2 eV similar to the one in PDIR-CN2 emerges 
in both the in-plane and out-of-plane direction as Tsub is further increased. This coincides 
with the long-range crystal structure formation in PDIF-CN2 thin films above 120 °C 
(Figure 5.1e-g). 

5.3 Real-Time Study: GIXD and DRS 

The next section provides a discussion on the structure formation and phase behavior at 
early growth stages, for which the crystalline structure evolution was monitored by GIXD 
scanning in situ and real-time during film growth. The resulting film thickness-

Figure 5.8. Dielectric function of the in-plane (a) and (c) and out-of-plane (b) and (d) components 
of thin films prepared at different Tsub in comparison with absorption spectra in solution. Up: 
PDIR-CN2, bottom: PDIF-CN2. 
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dependences for both compounds grown at room and high substrate temperature are 
plotted as 3D surfaces in Figure 5.9a-d. The elevated temperatures of 130 °C and 140 °C 
were chosen to show the coexistence of both polymorphs in PDIR-CN2 films and the 
crystalline phase in PDIF-CN2 films. The observable q-range corresponds to a horizontal 
cut through the q-maps in Figure 5.1 at qz close to zero. 

The Bragg peaks in PDIR-CN2 of the RT crystal phase appear after the first 4 nm at qxy 
of 0.76 and 1.06 Å-1 as the strongest features (Figure 5.9a). Taking into consideration the 
vertical lattice spacing dz of 16.8 Å as deduced from XRR, this thickness corresponds to the 
formation of the 3rd ML. At Tsub = 130 °C (Figure 5.9b) structural features of both crystal 
phases are arising simultaneously after 3 nm i.e. earlier than in the first case – when the 
two first MLs are completed. Disordered PDIF-CN2 at RT exhibits only a weak scattering 
feature at qxy = 1.2 Å-1 (Figure 5.9c). In contrast to the relatively fast nucleation process of 
PDIR-CN2 any signs of crystallization in PDIF-CN2 at Tsub = 140 °C are not observed until 
a thickness of about 8 nm is reached (Figure 5.9d) corresponding to about 4 MLs 
considering dz = 20.4 Å as deduced from XRR. 

The real-time GIXD data were fitted using Gaussian functions. This allows the 
calculation of the coherently scattering island size ls according to the Scherrer formula 
(Section 4.2). The evolution of ls and the integrated peak intensity versus film thickness are 
shown in Figure 5.10a. Faint peaks at the initial stages of the growth could not be fitted 
and ls is set to zero for these time points. ls does not vary strongly during film deposition 
except at the beginning of growth up to 5 and 3 nm for PDIR-CN2 at RT and at 130°, 

Figure 5.9. (a)-(d) Real-time GIXD plots. The vertical axis corresponds to the normalized intensity. 
The intensity of PDIF-CN2 at RT in absence of strong peaks is scaled relatively to PDIF-CN2 at 
140°C. The Miller indices are shown for clarity only for the most pronounced peaks, but the 
intensities may include contribution of multiple reflections (see Figure 5.1), green labels stand for 
the RT-phase and orange labels – for the HT-phase of PDIR-CN2. (e)-(h) Dielectric function 
spectra determined by fitting DRS data recorded during growth. 
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respectively. The absolute ls values are larger at high T due to a thermally enhanced 
crystallinity although both phases reveal similar trends. ls in PDIF-CN2 at RT does not 
exceed 2 nm, which corresponds to few neighboring molecules. At high temperature the 
crystal size stays constant throughout the whole thickness (12-17 nm) as soon as the peaks 
are detected. 

The intensity of the RT-phase in PDIR-CN2 at RT and the HT-phase in PDIR-CN2 at 
130°C is growing linearly during film growth indicating a constant increment of the 
number of crystalline grains as a function of amount of material (Figure 5.10b). Although 
both phases are developing in parallel at an early growth stage, the intensity of the 
RT-phase in PDIR-CN2 at 130°C film exhibits a non-linear growth behavior overtaking the 
HT-phase around 10 nm. Since the grain size stays constant this evidences an increase of 
the RT-phase nucleation. In contrast, with a further Tsub increase the HT-phase is clearly 
dominating in PDIR-CN2 at 140°C as was observed (Figure 5.1c). The intensity of the 
PDIF-CN2 crystalline phase grows linearly. 

Figure 5.10. (a) Coherently scattering island size ls extracted from real-time GIXD, (b) 
corresponding integrated peak intensity. Numbers in legends stand for qxy-positions of the 
corresponding peaks used for data fitting, green and orange symbols indicate the RT-phase and 
the HT-phase in PDIR-CN2 at 130 °C, respectively. (c) Intensity of the lowest electronic transition 
at ~2.2 eV determined from DRS, assigned to the intermolecular coupling in a crystal phase as a 
function of the film thickness. For PDIR-CN2 at 140 °C two Davydov components of the lowest 
transition are shown. 
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The two compounds examined in this study have a similar chemical structure and 
exhibit almost identical absorption spectra in solution. However, in the condensed state 
their optical responses vary dramatically not only from one compound to another but also 
between different intermolecular arrangements. Therefore, in order to follow possible 
transitions in the optical properties in situ and real-time, DRS measurements were 
performed (Figure 5.9e-h).  

It is remarkable that in all presented cases the spectral shape of the first ML (approx. 
1.5-2 nm) is almost identical to the solution spectrum, i.e. a non-coupling arrangement. 
Here, only a small red-shift induced by the environment appears until the first ML is 
complete. Also a slight decrease of ε2,xy after this thickness is observed. A new low-lying 
transition shows up at 2.2 eV in all crystalline films except for PDIF-CN2 at RT, where the 
shape of the in-plane dielectric function remains unchanged due to the absence of long-
range order in the film. The new absorption band at 2.2 eV is appearing after the first ML 
in PDIR-CN2 at 140 °C and growing earlier in comparison with the RT film. Thickness 
intervals over which the peak intensity is increasing – from 5 to 16 nm and from 2 to 8 nm 
for the RT and HT films respectively – coincide with the saturation times of the crystal 
grain sizes for these cases. These observations are in good agreement with the enhanced 
crystallinity of the high temperature film and confirm the intermolecular electronic 
coupling as a reason for such a behavior. This trend is delayed in PDIF-CN2 (140 °C) as a 
consequence of the later structural stabilization, since the diffraction peaks are observed at 
thicknesses above 8-10 nm. The comparison between evolutions of the crystal phases and 
the lowest electronic transition is provided in Figure 5.10c. Thus, Figure 5.10c shows the 
evolution of the lowest electronic transition appearing during the film growth at the energy 
of 2.2 eV observed for PDIR-CN2 at RT, PDIR-CN2 at 140 °C and PDIF-CN2 at 140 °C and 
assigned to the intermolecular coupling enhanced due to crystal phase formation. The DRS 
spectra in Figure 5.9e-h were fitted with Gaussians to obtain the peak intensities 
normalized to the final ε2,xy value afterwards. In case of PDIR-CN2 at 140 °C the optical 
spectra were fitted with a doubled number of Gaussians confirming the suggested Davydov 
splitting of the molecular electronic states (the fit is provided in Figure A.2). The intensity 
of the electronic transition tends to saturate or reveal a slope change similar to with the 
crystal grain size saturation in the corresponding film. 

In order to better illustrate the variation of the dielectric function during the film growth  
an approach introduced Ghanbari et al. [187], who used an incremental change of the DRS 
signal as a function of time, was implemented. Here, the difference between the individual 
spectra of ε2,xy obtained as a fit result from raw DRS data is used (2D images of the Δε2,xy 
in Figure 5.11a). In a simplified view three growth steps can be distinguished in each case 
as sketched in Figure 5.11b. At first, material absorbs randomly on the surface and its 
absorption resembles the monomer spectra of almost non-interacting molecules. Then 
after 0.5 – 1 ML the deposited molecules start to interact with newly arriving molecules 
which leads to their reorientation to some extent. The reoriented layer serves as a precursor 
for a crystalline phase or, in case of PDIF-CN2 at RT, a weakly ordered phase with 
molecules tending to lie down. The evidence for transformation between the different 
spectral components is a reduction of the absorption (dark blue areas in Figure 5.11a) and 
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the smooth red-shift in case of crystalline samples (with the exception of PDIF-CN2 at RT) 
in step II. Therefore, the contribution to the resulting spectrum from the material of step I 
is no longer observed, whereas all spectra in step III present a combination of the reoriented 
and crystalline layers. The border between steps II and III is consistent with the thickness 
after which the crystalline peaks are observed in real-time GIXD data. 

The described phenomenon is in contrast to what was observed for highly crystalline, 
vertically aligned materials on SiOx substrates such as DIP, PEN, perfluoropentacene or 
PDI8-CN2 where optical changes caused by the crystalline structure formation are 
observed within the first ML [143,171]. 

5.4 Photoluminescence 

Figure 5.12 depicts a comparison between temperature-dependent PL spectroscopy and 
the in-plane absorption. The films with a crystalline structure (i.e. PDIR-CN2 grown at both 
room temperature and at 140 °C and PDIF-CN2 grown at 140 °C) measured at a 
temperature of 20 °C (Figure 5.12a, b and d) reveal a nearly mirror-symmetric first band 
(at 2.08, 2.15 and 2.05 eV respectively) caused by intermolecular coupling as discussed 

Figure 5.11. (a) Δε2,xy spectra based on the data set from Figure 5.9e-h revealing incremental 
changes in absorption at early growth stages. The grey arrows are a guide to the eye. (b) Sketch 
associating the spectral and structural changes in the films. 
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above. Along with this observation, Stokes shifts appear to be smaller in the case of 
PDIR-CN2, i.e. 90 and 26 meV vs. 143 meV in PDIF-CN2. The efficiency of such radiative 
transitions caused by the intermolecular coupling is very sensitive to the degree of spatial 
separation such as a x-/y-displacement or the tilt angle between molecules [113,188]. This 
might explain why in cases of the highly ordered films the high-energy transitions are not 
distinguishable at low measurement temperatures, when contributions from breathing and 
shearing vibronic modes decay [189]. Then the radiative recombination of the relaxed 
singlet excitons results in a strong rise of the emission with a resolved vibronic progression 
(a relaxed exciton) taking over below -100 °C. A similar behavior of two competing 
temperature-dependent contributions was observed for the photoluminescence spectra of 
6T films [190,191]. Also the PDIF-CN2 (140 °C) emission spectra contain a low-energy 
component at 1.78 eV visible while cooling down to -100 °C. In Ref. [161] this component 
was assigned to the long-lived excimer-like radiation which often stands out as a 
characteristic feature of a cofacial overlap in π-π stacks[138]. 

The singlet exciton emission bandshape of the molecular crystal lattice is not observed 
in the PDIR-CN2 and PDIF-CN2 films grown at RT (Figure 5.12a and c). In PDIR-CN2 a 

Figure 5.12. Temperature-dependent photoluminescence spectra recorded between 20 °C (red) 
and -180 °C (blue). Up: PDIR-CN2 grown at room (a) and high temperature (b), bottom: 
PDIF-CN2 grown at room (c) and high temperature (d). The black curves represent ε2,xy from 
Figure 5.8 rescaled to the 20 °C curves. 
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vibronically structured emission emerges at low temperatures as well as in HT deposited 
films, however, the transitions are significantly red-shifted and the spectral shape does not 
reveal the singlet exciton-like distributed vibronic peak intensities but a maximum around 
1.69 eV. A possible explanation could be long-lived trap states [2]. The PDIF-CN2 film 
shows a uniform featureless red-shifted broad emission band over the whole measured 
temperature range, which is typical for the excimer emission observed for perylene 
derivatives [37,138,168,192]. Although the excimer-like emission is usually ascribed to 
H-dimeric coupling in aggregates with an optimized face-to-face overlap, this 
recombination path is surprisingly effective in the only weakly ordered PDIF-CN2 grown 
at RT. Nevertheless, as shown in numerous works on PDI dimers and trimers, the 
introduction of spacer groups indeed reduces the coupling strength, but does not fully 
suppress the excimer-like emission up to a center-to-center distance between two PDI 
subunits of 7-8 Å [193–195]. 

5.5 Morphology 

When designing organic electronic devices, special attention should be paid to the active 
layer morphology due to a direct correlation between domain extension and device 
electrical performance [8,35,38]. The morphology of the samples was probed by AFM. The 
images together with the corresponding height distributions are shown in Figure 5.13. 
PDIR-CN2 grown at RT exhibits a homogenous surface consisting of small grains and a 
high island density. The height variation around the average is ±2 nm and the root mean 
square roughness σRMS is on average 1 nm. The morphology of PDIR-CN2 thin films 
changes significantly when growing them on a heated substrate. At Tsub = 120 °C the grain 
shape changes to elongated islands that exhibit distinct steps, revealing an anisotropic 2D 
growth inherent to other PDIs with alkyl chains [170,196]. Wide flat terraces leading to a 
low roughness appear at a higher substrate temperature of 140 °C, which is in good 
agreement with the low roughness determined by XRR. There are two explanations for the 
morphological differences between PDIR-CN2 thin films grown at RT and at 140 °C: a) the 
enhanced diffusion at high substrate temperatures [197] along with low Ehrlich-Schwöbel 
barriers promoting a relatively uniform coverage [125] and b) the temperature dependent 
polymorphism. As shown above, the high temperature thin film nucleates in a different 
crystal structure than the low temperature film and hence, depending on the crystal 
structure different growth rates for lateral and vertical crystallographic directions may 
appear [124,196]. The step heights between the plateaus derived from the height 
distribution are 1.5 ± 0.5 nm, which is roughly the lattice spacing of a PDIR-CN2 unit cell, 
which leads to the conclusion that each of the terraces consists of one layer of PDIR-CN2 
molecules. Generally, a Stranski-Krastanov growth mode i.e. layer-plus-islands is typical 
for PDIs [38,138,196,198]. 

The PDIF-CN2 film grown at RT is the smoothest thin film of this series (σRMS derived 
from the AFM images is below 1.0 nm). The missing crystalline ordering in PDIF-CN2 thin 
films grown at room temperature may account for the low roughness. The molecules 
spread evenly over the substrate without forming clusters. The small grain morphology of 
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PDIs was suggested to be rich in inhomogeneities and structural defects [5]. A similar 
morphology is observed for PDIF-CN2 at 110 °C. A strong trend to roughening can be seen 
when growing at 120 ˚C and 140 ˚C. Large 3D clusters with a σRMS of several nanometers 
form. The deviations from the average height reach up to ±15 and 20 nm in each case. The 
crystallization at high Tsub presumably drives formation of larger clusters. The growth rate 
along the crystallographic direction perpendicular to the substrate surface has to be 
increased compared to the rate of PDIR-CN2. It was shown how the introduction of 
substitutions with different degrees of steric hindrance and introduction of fluorine atoms 
increase both surface diffusion and step-edge diffusion barriers [199–201]. However, 
going to the highest growth temperature of 160 °C the roughness decreases again due to 
formation of flatter domains, which is in good agreement with the XRR data. At this growth 
temperature, the enhanced diffusivity seems to efficiently balance the Ehrlich-Schwöbel 
barrier at the step edges of the crystalline molecular layers. Under these conditions, highly 
crystalline and smooth films can be obtained. 

To summarize, for both compounds, a clear transition in the nucleation behavior which 
coincides with changes in the crystal structure can be seen. The continuous morphology 
with a minimized number of grain boundaries, the most beneficial situation for high charge 
mobility [35,172,202], can be achieved via the substrate temperature control.  

 

Figure 5.13. AFM images 5×5 μm of different PDIR-CN2 films (a)-(c) and PDIF-CN2 (d)-(h) with 
the corresponding height distributions (i) PDIR-CN2 and (j) PDIF-CN2. Length of the scale bar is 
2 μm. 
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5.6 Discussion 

As pointed out in the introduction, the electronic structure of the perylene derivatives is 
considered to be not strongly affected by substituents in the imide positions in their single 
molecule state. However, all parameters which are crucial for device performance, i.e. 
charge transport properties, energy structure, photon absorption and emission, 
morphological organization, crystalline quality etc., are based on the growth behavior 
which strongly depends on interactions with the environment. The behavior of the 
compounds considered here contrasts to compounds with linear alkyl chains such as 
PTCDI-C8 [196] and PDI8-CN2 [138], which are growing in nearly upright standing 
fashion starting from the first ML fashion on SiOx substrates. Despite the fact that partial 
fluorination is often considered to introduce a strong non-covalent stabilizing interaction 
[20,21,203,204], one can note here that PDIF-CN2 generally reveals less tendency for 
crystallization than non-fluorinated compounds, such as PDIR-CN2, PDI8-CN2. Although 
the branched and fluorinated side-chains break the molecule’s planarity in both cases 
[163], for the same deposition conditions PDIF-CN2 requires higher thermal energy to 
achieve the energetically favorable orientation in the lattice. The same crystallization-
obstructing effect was observed for perfluorinated cobalt phthalocyanine F16CoPc [205] 
and in the more relevant family of DFH-nTs, thiophene-based molecules with -C6F13 
chains, which are crystallizing upon deposition at a substrate temperature of 120-200 °C 
into a similar packing motif [15]. One is tempted to conclude that this is a general trend for 
compounds containing fluoroalkyl chains. The reason for this might be in the bulkiness 
and the larger van der Waals radius of fluorine atoms compared to hydrogen limiting the 
fluoroalkyl chain’s flexibility [166,206]. A reasonable argument explaining the reduced 
contrast in the fitted electron density profile perpendicular to the substrate plane 
(Figure 5.6) is that the high electron density of the fluorinated chains can shield the 
perylene diimide backbones inhibiting the π-π intermolecular coupling. Interestingly, the 
structural transition to the long-range order occurs sharply almost in a step-like manner 
upon an increase of Tsub, which was observed by changes in the structural, morphological, 
and optical properties. In this context, one should bear in mind the difference between 
fluoroalkyl substituents and (complete/partial) fluorination of a molecular aromatic core 
when considering the fluorination effects. 

The increase of thermal energy (substrate temperature) gives rise to structural changes 
in PDIR-CN2 thin films, leading to the appearance of a HT-polymorph with two molecules 
per unit cell. The RT-phase consists of molecules tilted towards a substrate nested together 
in a 1D slipped π-π stacking with an offset along the long molecular axis (Figure 5.14a) 
due to shape complementarity. This is a beneficial arrangement for J-like coupling, 
although common PDI derivatives in the absence of spatial crowding tend to create an ideal 
face-to-face conformation in columnar stacks with the typical properties of H-aggregation. 
Indeed, a red-shifted 0-0 transition growing coherently with the crystal phase formation is 
observed. When the HT-phase appears in a film (starting from Tsub = 120 °C) the 
J-aggregation character enhances significantly: The intensity of 0-0 grows not only in 
absolute value but also relative to the next 0-1 transition. The anisotropic Davydov splitting 
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observed in both the in-plane and out-of-plane direction indicates twisting of the transition 
dipole moments of two molecules contained in the unit cell as illustrated in Figure 5.14b, 
similar to that described by Austin et al. [114]. The change from 1D elongated island 
growth of the RT-phase rich film to the isotropic 2D flat terrace growth of the HT-phase 
rich film observed with AFM could be caused by a change in crystal growth directions. A 
rotational offset configuration was found to be the third and deepest minimum of the 
binding energy in DFT calculations [167] and is widespread in PDI solution-processed 
supramolecular stacks [30,167] but rather rare in crystals [114,207]. Structural 
polymorphism upon vacuum deposition was also described for the parent perylene 
molecule [37], however, for the related compound PDI8-CN2 with linear chains persistence 
of the same crystalline structure for a wide temperature range was observed [170]. 

The crystal phase of PDIF-CN2 is arranged in a different way. As many other perylene 
derivatives with chains in the imide position it grows in a standing-upright manner (in 
contrast with the disordered RT films where a majority of molecules tend to lay down, 
Figure 5.14c) but with a more complicated interlayer organization. Despite the 
contribution of -C7F14 chains, the typical π-π intermolecular perylene diimide core 
interaction is still dominant promoting a face-to-face configuration. Yet, the parallel 
stacking involves longitudinal and transverse offsets, i.e. along both the long and the short 
molecular axis creating a 2D chess-like pattern (Figure 5.14d). Such a 2D π-π stack 
packing motif has been suggested as more favorable in terms of electronic coupling and 
charge percolation pathways [36]. For such complicated structures the ideal classical cases 
of J-/H-aggregation are not straightforward to apply because the optical spectra 
(absorption and emission) contain characteristic features from both types. Similar cases 
were observed earlier, where it has been concluded that both kinds of couplings might be 
present at the same time. Their strength would depend then on the spatial separation in 
corresponding directions [208]. Also, the energies of low- and high-energy vibronic bands 
can be pushed down and up by coupling of Frenkel excitons with intermolecular charge 
transfer states and Coulombic interaction, respectively [109,110,114,209]. 

Figure 5.14. Schemes representing molecular arrangement in: (a) PDIR-CN2 RT-phase, (b) 
PDIR-CN2 HT-phase, (c) amorphous PDIF-CN2 and (d) PDIF-CN2 thin film crystal phase. 
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In summary, the growth process of two PDI derivatives during vacuum deposition was 
followed as a function of substrate temperature (Figure 5.15). At the first ML, almost 
identical non-aggregating states without long-range order were found due to a shielding 
effect of the side substituents, which is stronger in the case of the fluorinated chains. This 
is followed by a temperature-dependent transition to significantly different crystalline 
molecular packing motifs influenced by the geometry and chemical composition of the side 
chains. This results in unique optical and structural properties, in sharp contrast to both 
the amorphous and the monomer properties, which are not affected by the chemical 
modification of the side substituents as predicted by previous DFT studies.  

 

  

Figure 5.15. Sketch demonstrating thickness- and temperature-dependent growth of PDIR-CN2

and PDIF-CN2 thin films by OMBD. 
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CHAPTER   6 

ANISOTROPIC ELECTRONIC COUPLING OF 
CHARGE TRANSFER STATES IN 
DIP:PDIR-CN2  

The following chapter presents a recently published study [2] of the CT effect in a weakly 
interacting OSC mixture of DIP and PDIR-CN2 starting from morphological and structural 
investigations, via complementary forms of spectroscopy to the implications in device 
applications. Both donor and acceptor materials are structurally well defined and therefore 
can serve as a model system. DIP and PDIR-CN2 have similar backbone size that enable 
good intermixing upon co-evaporation and, as a consequence, more interface area.  

The chapter is organized as follows. In Section 6.1 morphological and structural 
properties studied by means of AFM, X-ray scattering, and NEXAFS are discussed. 
Evidence for the formation of a CT complex between DIP and PDIR-CN2 is provided in the 
ground state by using Fourier transform infrared spectroscopy (FTIR) and ultraviolet 
photoelectron spectroscopy (UPS) and in the excited state by optical absorption and 
emission spectroscopies as described in the corresponding sections. In Section 6.4 the 
impact of CT states on charge separation and transport in photovoltaic devices is 
demonstrated. Finally, the findings are summarized and discussed with respect to the 
classification given in Introduction. 

6.1 Structural Characterization 

Prior to the examination of CT, the two compounds were characterized regarding the 
structural organization of the molecules during simultaneous or consecutive growth, since 
this is crucial for the formation of D/A interfaces. For this purpose, AFM, X-ray scattering, 
and NEXAFS measurements were applied.  

AFM images of the thin films are shown in Figure 6.1 (for height profiles see Figure B.1 
in Appendix B). The morphology of the pristine DIP film reveals a typical “wedding-cake-
like” structure [210] with a step size 1.6-1.8 nm corresponding to one monolayer of upright 
standing DIP molecules and a root-mean-square surface roughness σRMS of 2.85 nm. For 
all mixed films, as well as pristine PDIR-CN2 films, the grain sizes decrease significantly, 
which results in very smooth surfaces and roughnesses σRMS below 1 nm, and no clear 
molecular steps to distinguish. Therefore, based on these AFM results, no evidence of phase 
separation is seen. 
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The surface of the SL consists of similarly small grains with a roughness comparable to 
the molecular blends. The PHJ surface has a roughness similar to pristine DIP and also the 
top layer of PDIR-CN2 adopts a grain size of about 115 nm comparable to the average DIP 
grain size underneath. 

For more detailed structural information, X-ray scattering techniques, i.e. XRR and 
GIXD, were applied. Specular scans are shown in Figure 6.2a. The first Bragg peak of 
pristine DIP (red curve) is observed at qz = 0.37 Å-1, which corresponds to the standing-up 
or σ-orientation of DIP with an out-of-plane lattice spacing of d(001) ≈ 16.9 Å [210,211] and 
an inclination angle of ~83° of the molecular plane relative to the surface plane. One Bragg 
peak and a weak second-order reflection are observed in the XRR scan of the pristine 
PDIR-CN2, for which the branched alkyl side chains inhibit long-range crystal formation 

Figure 6.1. AFM images for pristine films, co-evaporated blends and heterostructures (the top 
layers of PHJ and SL consist of PDIR-CN2 molecules). For surface profiles see Appendix. 
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as discussed in Chapter 5. The qz-value of the Bragg peak from XRR scan of PDIR-CN2 
(lowermost curve) corresponds to d(001) = 17.1 Å, which almost coincides with pristine DIP. 
In the case of the blended systems the second-order Bragg reflection still persists in films 
with excess DIP (3:1) but disappears with further increasing PDIR-CN2 fraction. The exact 
peak maxima of the co-evaporated films cannot be properly quantified through a strong 
interference effect [212]. Nevertheless, an apparent gradual shift towards lower qz-points 
out to changes in the lattice parameter as discussed further. 

A three-layer model (bulk Si-substrate – SiO2 layer – organic film) was used to 
determine the film thickness d and roughness σ of the mixtures from the XRR (Table 6.1). 
Regarding planar heterostructures, PDIR-CN2 molecules grown on top of a DIP layer adopt 
the same standing up configuration (Figure 6.2, uppermost curve) and form a layer with 
increased roughness, because of the rough DIP layer underneath. Roughness of the SL 
according to XRR is quite low, which may serve as evidence for layer-by-layer growth mode 
or preferential filling of gaps [212]. 

The results of GIXD experiments on pristine and co-evaporated films are shown in 
Figure 6.2b. Very strong in-plane reflections of pristine DIP are less intense and broader in 
non-equimolar mixtures with excess of pristine DIP molecules. In the equimolar mixture 
DIP reflections almost vanish, which demonstrates a high miscibility between DIP and 
PDIR-CN2 molecules, forming a system wherein the two kinds of molecules are mixed 

Figure 6.2. (a) XRR data for DIP:PDIR-CN2 co-evaporated films and heterostructures. Dashed 
lines indicate the position of the 1st and 2nd order Bragg peak for DIP. The spectra are vertically 
offset for clarity. (b) GIXD data of DIP:PDIR-CN2 films for different mixing ratios. For better peak 
visibility in 1:1 and pristine PDIR-CN2 films of thickness 100 nm were used. All spectra are 
vertically offset for clarity. 
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without noticeable phase separation [77]. PHJ and SL GIXD profiles present a simple 
superposition of pristine film patterns (Figure B.2). 

Since PDIR-CN2 is less ordered than DIP thicker films (d = 100 nm for the pristine 
PDIR-CN2 and 1:1) were used in order to obtain better diffraction pattern. All reflections in 
the PDIR-CN2 spectrum at qxy-values exceeding 0.76 Å-1 can be assigned to the reported 
crystal structure [178]. However, the peaks at qxy ≈ 0.30 and 0.63 Å-1 originate neither from 
the RT-phase unit cell nor from the HT-phase one and stem presumably from a different 
orientation as PDIR-CN2*. Additional peaks are found in the equimolar mixed film at qxy 
equal to 0.92 Å-1 and to 1.81 Å-1. Since these two new reflections do not originate from the 
structures of the pure components they are assigned to a new mixed phase polymorph. This 
observation indicates that the mixture is not completely random in the in-plane direction, 
but has a preferred ordering, comparable to a co-crystal [80,213]. The corresponding 
coherent island size evaluated from the FWHM ls equals 3.5 nm which is by factor of 5 
smaller than ls in pristine films (18.8 nm for DIP and 18.4 nm for PDIR-CN2). In the blends 
with exceeding acceptor content the pure PDIR-CN2* is more pronounced showing phase 
separation from the mixed phase, whereas in the 3:1 film weak phase separation between 
DIP and the mixed phase occurs. 

Since PDIR-CN2 molecules (~22.0 Å) are longer than DIP molecules (~18.4 Å) and 
because in a co-crystal the axes of the π-conjugated cores should be parallel in the unit cell, 
the increase of the out-of-plane lattice spacing d(001) in blends is explained by a change of 
the PDIR-CN2 molecular tilt angle. The orientational changes of both compounds can be 
quantified by NEXAFS spectroscopy, which probes the average backbone orientation. To 
unambiguously identify the molecular arrangement at the interface, the XRD 
measurements were complimented with NEXAFS spectroscopy at the C1s edge, performed 
and evaluated by Paul Beyer (University of Berlin). The resulting absorption spectra are 
shown in Figure 6.3, Figure 6.4 and Figure 6.5. Pristine DIP on SiO2, Figure 6.3a, shows 
clear dichroic behavior. After integration from 283.3 to 286.3 eV and angular analysis of 

Table 6.1. Summary of film parameters extracted from XRR fits and AFM roughnesses. 

config.  thickness d (nm) 
roughness σ 

(nm) 
roughness AFM 

σRMS (nm) 
d(001) (Å) 

DIP 19.8 3.8 3.9 16.85 

3:1 20.5 0.9 0.5 - 

1:1 25.3 1.3 1.0 - 

1:3 23.8 1.0 0.6 - 

1:9 23.8 1.3 0.7 - 

PDIR-CN2 20.3 1.4 0.8 17.12 

PHJ 42.9 3.2 1.8 16.85/17.12 

SL 37.9 1.4 0.8 17.17 
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the obtained π*-peak intensities using Equation (3.7), an average molecular inclination 
angle of 78±5° between molecular and substrate surface plane is obtained [214]. On HOPG, 
the reverse dichroism is clearly observed (Figure 6.4a). After subtraction of the C1s 
substrate signature [215], analysis here yields an average molecular inclination angle of 
33±5°. Since the carbon frame of the DIP molecules features a perfect lattice match to the 

Figure 6.3. X-ray absorption spectra for varying angles of incidence θ between the photon beam 
and the sample surface. The shaded area depicts the region used for obtaining the integrated peak 
intensities. Here, the results on amorphous SiO2 substrates are shown for DIP (a) and PDIR-CN2

(b). All spectra are normalized to the incident photon flux and to the C1s step edge at 270 and 
330 eV. The images are taken from [2]. 

Figure 6.4. X-ray absorption spectra for varying angles of incidence   between the photon beam 
and the sample surface. The shaded area depicts the region used for obtaining the integrated peak 
intensities. Here, the results of DIP (a) and PDIR-CN2 (b) on HOPG substrates are shown. 
Substrate contributions from the HOPG substrate were subtracted. All spectra are normalized to 
the incident photon flux and to the C1s step edge at 270 and 330 eV. The images are taken from 
[2]. 
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HOPG surface, this dichroism is readily explained by the templating function of the HOPG 
to induce a new polymorph, consisting of lying down DIP molecules. Deviations from 0° 
for perfectly flat lying down molecules originate from defects on the substrate surface, as 
well as the averaging nature of the NEXAFS technique itself, being sensitive to both, 
crystalline (well-ordered) and amorphous (disordered) regions. This shows that the choice 
of HOPG and SiO2 as substrates is ideal to control the molecular orientation of the DIP 
molecules, which is essential to control the orbital overlap at (organic-organic) interfaces. 

Likewise, the X-ray absorption spectra of pristine PDIR-CN2 on HOPG and SiO2 are 
shown in Figure 6.3b and Figure 6.4b. In contrast to DIP, there is no clear dichroism visible, 
independent of the substrate choice. The results of the peak intensity evaluation are shown 
in Figure 6.6. On SiO2 an average inclination angle of 55±5° is obtained, compared to 53±5° 
on HOPG. However, since different IEs on both substrates were observed (Section 6.2), the 
molecular arrangements appear to be different. The templating function of the HOPG is 
reduced by the alkyl side chains of the PDIR-CN2 molecules. On weakly interacting SiO2, 
on the other hand, the undisturbed, known crystal phase with an average inclination angle 
of 53° [178] is adopted almost exclusively. 

Looking at the X-ray absorption spectra of device relevant architectures in Figure 6.5a 
(PHJ) and b (PMHJ), one can identify features from both pristine components. 
Deconvoluting the mixed spectra with pristine spectra obtained at θ = 55° reproduces all 
major features. The best fits are shown by thin black lines in Figure 6.5. Angular analysis 
of the individual components isolates the separate orientations for DIP and PDIR-CN2 
molecules (Figure 6.7). The DIP molecules at the planar interface possess an average 
inclination angle of 79±5°, decreasing slightly at the mixed interface to 76±5°. For the 
PDIR-CN2 contribution, the inverse trend is observed – a slight increase from 53±5° to 

Figure 6.5. X-ray absorption spectra for device relevant architectures, PHJ (a) and PMHJ (b), of 
DIP and PDIR-CN2 on SiO2. The thin black lines show linear combinations of pristine DIP and 
PDIR-CN2 spectra at θ = 55°, providing the best fit to the experimental data. The orange curve is 
the residual for the deconvolution at θ = 90°. For visual clarity, the absorption spectra for θ = 70° 
and 40° are not shown. The images are taken from [2]. 
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58±5°. This shows that the average orientation of both individual molecules in the planar 
configuration is nearly unperturbed compared to the pristine molecular films in the known 
crystal bulk structures. However, in the mixed film, where the interplay between donor and 
acceptor is much more pronounced, an angular shift towards a common alignment is 

Figure 6.6. Evaluation of the dichroism (C1s-π* transition) for pristine molecular thin films of DIP 
and PDIR-CN2 on substrates SiO2 and HOPG. The specified angles α on the left are the average 
inclination angle between molecular and substrate surface plane for each fitted/simulated 
dichroism curve. The C1s substrate signatures were subtracted prior to the analysis. All curves are 
normalized to an incident angle of 55° to eliminate the constant of proportionality introduced in 
Equation 3.7. The image is taken from [2]. 

Figure 6.7. Evaluation of the π*-dichroism for the pristine molecular contributions in the device 
relevant architectures – PHJ (a) and PMHJ (b). The specified angles α on the left are the average 
inclination angle between molecular and substrate surface plane for each fitted/simulated 
dichroism curve. The C1s substrate signatures were subtracted prior to the analysis. All curves are 
normalized to an incident angle of 55° to eliminate the constant of proportionality introduced in 
Equation 3.7. The image is taken from [2]. 
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achieved. This points towards a relaxation or segregation from the individual polymorphs 
to a new one, which was also seen in the GIXD data. The observed shift of at most 5° here 
is not astoundingly large. However, since NEXAFS determines only average orientations 
over all probed molecules, a much larger angular shift (>15°) due to relaxation in the new 
polymorph is most likely, while the individual pristine crystalline phases of DIP and 
PDIR-CN2 coexist as well to some degree. 

As mentioned before, no new features due to interaction are observed. This is shown in 
Figure 6.5 by the small residuals. There are several explanations for this distinction, for 
example forbidden dipole transitions, the weak interaction character of the ground state CT 
complex itself or just surface effects [50,216–221]. IR spectroscopy was performed in 
transmission mode, being sensitive to properties of the complete bulk (Section 6.2). 
NEXAFS sensitivity, on the other hand, is limited by the inelastic mean free path of the 
excited electrons (~1 nm) and the absorption depth of the incident X-ray photons, meaning 
that only surface properties are measured [222]. The weak interaction strength points 
towards a small overlap in the ground state between both involved molecules, possibly too 
weak to be easily detected by the used setup. Additionally, the formed exciton upon optical 
or X-ray absorption involves different molecular orbitals. This results in the observed 
additional features for optical absorption (Section 6.4), which are absent compared to X-ray 
absorption. 

6.2 Ground State Properties 

Having shown that both compounds are well intermixed and hence the intermolecular 
electronic interaction is not inhibited by phase separation, spectroscopic methods for its 
characterization were applied. Using infrared-absorption spectroscopy, it is possible to 
assign a shift of intramolecular vibration frequencies to the degree of charge transfer 
between donor and acceptor in the absence of electronic excitation, i.e. in the electronic 
ground state. In particular, the stretching mode of the nitrile group (−C ≡ N) present in 
PDIR-CN2 molecules is highly sensitive to CT [223].  

Figure 6.8 shows a comparison between experimental IR spectra of pristine DIP and 
PDIR-CN2, co-evaporated equimolar DIP:PDIR-CN2 films, calculated spectra of neutral 
PDIR-CN2 in the gas phase and of its radical anion. In the presented spectral range DIP 
does not reveal any IR active vibration modes, which makes the CN-mode ideal for 
comparison. The CN-stretching mode appears at ~2222 cm-1 (all peak positions are 
determined by using Gaussian fit) in IR spectra of the pristine PDIR-CN2 film. Based on 
our calculations, the CN-stretching mode of the PDIR-CN2 radical anion reveals a red-shift 
of 26±2 cm-1 towards 2196 cm-1. In the measured IR spectrum of the equimolar 
DIP:PDIR-CN2 mixture one can observe a red-shift of the CN-mode peak of 4.5±1 cm-1 
(the instrumental resolution is 1 cm-1). Assuming a linear correlation between charge 
transfer δ and the frequency shift of the CN-mode [224], one can estimate that in the 
DIP:PDIR-CN2 system a partial charge transfer of about 0.17±0.04 electrons occurs. This 
degree of interaction should be considered as non-negligible for the ground state, since it is 
comparable to other values for small-molecule CT complexes, e.g. 0.3 for 
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TMP(tetramethoxypyrene):TCNQ with ΔEDA = 1-1.5 eV [225] or 0.12 for TMP:F4-TCNQ 
with ΔEDA = 0.6-1.1 eV [226]. For the PHJ sample no shift is observed. In case of the 
superlattice the peak red-shifted by 2 cm-1 can be fitted with two Gaussians (Figure 6.8, 
dark blue curve), one unchanged and one shifted as in the blend, showing smaller amount 
of interacting molecules. 

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the HOMO level 
and the work function of the crystalline molecular films. Through this method, one also 
gain access to the ionization energies (IE) of the molecules in the layers. The data are 
provided by Paul Beyer and Andreas Opitz (University of Berlin). Valence band spectra for 
pristine DIP and PDIR-CN2 thin films are shown in Figure 6.9. All energy values are 
derived from the peak onsets, calculated by linear extrapolation of the inflection point to the 
base line. 

Due to the high degree of structural compatibility between DIP and the HOPG surface, 
the resulting templating effect forces the adsorbed molecules to grow in a mainly lying 
down fashion. On weakly interacting, amorphous surfaces, like SiO2 or HIL 1.3 coated ITO, 
on the other hand, no such templating exists and the molecules grow rather upright 
standing. This large orientational difference conforms well to the lower IE (5.4 eV) for 
upright standing than for lying down (5.8 eV) DIP molecules [227]. According to the 
NEXAFS results (Section 6.1) PDIR-CN2 does not experience strong interaction with the 
HOPG substrate since no significant orientational change was found (Figure 6.6). 
Nevertheless, one can observe the IE shift by 0.3 eV from 7.1 eV on SiO2 to 6.8 eV on HOPG 

Figure 6.8. Infrared transmission of pristine DIP, PDIR-CN2, equimolar mixture, heterostructures 
on silicon and calculated spectra of neutral and ionized PDIR-CN2 in gas phase. The spectra are 
vertically shifted for clarity. Peak positions are taken from Gaussian fit. 
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(Figure 6.9b). LUMO level pinning is observed from the increase of work function upon 
deposition of PDIR-CN2 on SiO2 (grey arrow in Figure 6.9b) [228,229]. By assuming a 
position of the pinned LUMO level of about -0.4 eV, the transport gap is 2.65 eV [214,230]. 
This obtained transport gap is nearly identical to the one of DIP with 2.60 eV [154], which 
is readily explained by the similarity of the π-conjugated cores and the optical gaps of both 
molecules. This also matches with the measured transport gap of other perylene derivatives 
[231]. 

After the establishment of energy values of the pristine molecules, the energetic 
interplay at planar and mixed DIP/PDIR-CN2 (D/A) interfaces is discussed. ITO/HIL 1.3 
and HOPG substrates were used to build a base layer consisting of standing and lying DIP 
molecules, respectively. The results are shown in Figure 6.10. 

Looking at the PHJ architecture on ITO/HIL 1.3, shown in Figure 6.10a, first one 
observe Fermi-level pinning of DIP on HIL 1.3, as shown before [149]. Upon subsequent 
deposition of PDIR-CN2 on standing DIP molecules, vacuum level alignment between 
PDIR-CN2 and DIP is observed. The IE values for PDIR-CN2 deposited on top of SiO2 and 
on standing DIP molecules differ by ~0.35 eV. Taking the HOMO-level offset of 1.35 eV 
and a transport gap for PDIR-CN2 of 2.65 eV, the energy gap ΔEDA is about 1.3 eV. 
Changing the substrate to HOPG results in a higher IE and vacuum level alignment of DIP 
to the substrate. The same is true for the deposition of PDIR-CN2 on top, however, the IE 
changes only marginally (6.65 eV compared to 6.75 eV on standing DIP molecules), since 
the side groups of PDIR-CN2 inhibit close stacking to the DIP molecules.  

To look at large-area D/A interfaces evaporated blends of DIP and PDIR-CN2 were 
evaporated on top of DIP pre-covered ITO/HIL 1.3 and HOPG substrates. The blended 
film of DIP and PDIR-CN2 was evaporated on top of DIP pre-covered ITO/HIL 1.3 
substrates (Figure 6.10c) and one observe a slight shift of the vacuum level, which is also 

Figure 6.9. Valence region spectra and work functions of pristine (a) DIP and (b) PDIR-CN2 thin 
films on amorphous SiO2 (bottom) and HOPG substrates (top). The substrate contributions have 
been subtracted from the measured signal, in order to obtain the true molecular valence signatures. 
Dashed lines give the position of the HOMO and work function onsets, as determined by linear 
extrapolation of the inflection point to the baseline. The gray spectrum shows the work function of 
the uncovered SiO2 substrate. ΔΦ shows the work function shift and thus LUMO pinning of pristine 
PDIR-CN2 films. All spectra are vertically scaled and shifted for clarity. The images are taken from 
[2]. 
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reported for several other systems[232,233]. The HOMO onsets of the components were 
extracted from the deconvolution of the measured signal from the 100 Å thick molecular 
blend (vertical dashed lines, Figure 6.11). The fit is a linear combination of two unaltered 
spectra from the pristine components and describes the measured spectrum well. In 
addition, the energetic positions of the single fit components were kept fixed (green and red 
vertical lines) and a convolution with a Gaussian distribution (FWHM = 0.40 eV) was 
applied to account for spectral broadening due to increasing disorder in the mixed films as 
seen by X-ray scattering and AFM measurements. The disorder, along with the low 
sensitivity of the UPS setup itself, would explain the absence of new features for the weak 
CT complex here. At the planar mixed interface ΔEDA amounts to 1.65 eV, a further increase 
compared to the PHJ. The effect of IE shift by intermixing was shown previously, e.g., in 
references [234,235]. 

The HOMO level offset differs for the PHJ (∆퐸 ,  = 1.35 eV) and the PMHJ (∆퐸 ,  = 
1.00 eV) device architectures. This is related to differences of the energy levels in the two 
structures. Morphological changes, such as disorder and molecular reorientation, as well as 
mixing affect the electrostatic field at the thin film surface and the coupling between the 
molecules [177,233–236]. Additionally, one can note that a partial GS-CT shifts the 
HOMO levels as a whole but does not introduce a new feature in the UPS data. This finding 

Figure 6.10. Valence region spectra and work functions (WF) of PHJ (a) on HIL 1.3 and (b) HOPG 
for increasing layer thicknesses, indicated by the inset values in the WF plots. The red graphs show 
the base line spectra of DIP covered substrates. Parts (c) and (d) show the analogous results of 
PMHJ architectures. All spectra are vertically scaled and shifted for clarity. Overlaid in the valence 
region spectra are fits with pristine valence signatures for all thicknesses in thin black curves. The 
images are taken from [2]. 
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contrasts with a HOMO level offset between DIP and PDIR-CN2 of 1.70 eV (which would 
give a smaller ΔEDA of only 0.95 eV), being expected from vacuum level alignment using 
the IEs for the pristine films. 

The results on the PMHJ on HOPG show the same trend as on ITO/HIL 1.3 and are 
shown in Figure 6.10d. In comparison to the energy levels of the pristine molecules, this 
strongly indicates a mixture containing upright-standing DIP molecules, breaking the 
templating effect of the HOPG substrate. One can note further that a clear trend in IE of 
films dependent on molecular orientation as observed for other materials before 
[154,177,236] is absent for PDIR-CN2. 

6.3 Excited State Properties 

Having confirmed the presence of CT in the electronic ground state, a way in which CT 
plays a role upon excitation is studied. Absorption spectra, taken by UV/Vis/NIR 
spectroscopy, are shown in Figure 6.12a-c. Crystalline thin films of DIP and PDIR-CN2 
reveal anisotropic optical properties due to the transition dipole moment of the lowest 
electronic transition being oriented along the long molecular axis [109]. Since the 
inclination angle of PDIR-CN2 is smaller (~53°) compared to DIP (~83°), its absorption 
strength is, accordingly, higher in the in-plane direction (parallel to the substrate surface). 
The orientations of the transition dipole moments of individual molecules are depicted in 
Figure 4.1a and 4.4a. The positions of the energetically lowest peaks give the optical gap 
ΔEopt of 2.25 eV for pristine DIP and 2.17 eV for pristine PDIR-CN2. Compared with the 
transport gaps given above, 2.60 and 2.65 eV respectively, an exciton binding energy of 
0.4-0.5 eV can be derived. 

Considering the spectrum of an equimolar blend one can observe several features, which 
can only be explained by taking into account the excited state interaction between the two 
different compounds (see also the calculated superposition of the two pristine components, 

Figure 6.11. Deconvolution of the valence band with pristine valence signatures for a 100 Å thick 
film in PMHJ geometry. The green and red vertical lines are used to align the single fit components.
The images are taken from [2]. 
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black curve in Figure 6.12b). As can be seen from Figure 6.12a, even a low concentration 
of DIP causes a rapid decrease in intensity of the lowest PDIR-CN2 peak at 2.17 eV (1:9 
and 1:3). The intensity decrease of this transition in PDIR-CN2 originates probably in the 
disturbed structural long-range order. Similarly, the DIP spectrum is influenced by 
intermixing with PDIR-CN2 (3:1) as can be observed by the decrease of the peak intensity 
at 2.8 eV [143]. 

As mentioned in the introduction the observation of CT states in optical absorption 
spectra often requires more sensitive techniques[237–242] due to the low cross section. 
However, the spectrum of the equimolar mixed film (1:1) clearly reveals a broad band at 
photon energies below the optical gaps of the pristine materials (1.4-2.1 eV, Figure 6.12c), 
which originates from direct excitation of CT states [218,243–246]. This subgap band, 
which is related to charge transfer interaction [44,50,52,247], was fitted using three 
Gaussian functions with peak positions at 1.58, 1.81 and 2.02 eV (FWHM 0.25, 0.27, 
0.20 eV). Together with a fourth Gaussian for the fundamental transition across the gap, 
the absorption spectrum in Figure 6.12c can be fitted over the whole measured range. 
Reasons for the observed splitting of the CT states may be variation in the unit cell or 
vibronic contributions. In contrast to the intermixed films, absorption spectra of PHJ and 
a superlattice (Figure 6.12b) are similar to a linear superposition of the spectra of the 
pristine materials and a substantial contribution from CT states is absent.  

Figure 6.12d shows photoluminescence spectra of single-component films and blended 
films with different mixing ratios recorded at low temperature (90 K) using an excitation 
energy of 2.33 eV. The DIP spectrum is in agreement with the literature [248,249]. 

Figure 6.12. Absorption spectra for different mixing ratios (a) and heterostructures in comparison 
to the superposition of spectra from the pristine components (b), (c) low energy range plotted in 
logarithmic scale along the vertical axis with the CT absorption band decomposed into Gaussians 
for the results of the 1:1 film. (d) Low temperature photoluminescence spectra recorded at 90 K. 
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PDIR-CN2 reveals very strong emission intensities with two maxima at 1.69 and 1.84 eV 
at low temperature. 

Upon mixing, the emission intensity sharply decreases and completely disappears in 
the equimolar blend within the range that of the pristine component. Moreover, one can 
observe a new peak emerging around 1.4 eV that reveals a slight red-shift and intensity rise 
with increasing PDIR-CN2 fraction. One can assign this new emission band to radiative 
recombination processes from the charge-transfer state between DIP and PDIR-CN2 
molecules [64,66,245,250]. In the equimolar blend local exciton emission from the pristine 
compounds is almost quenched, which is consistent with a fully intermixed film. The 
similar effect was observed at low temperatures for other materials[213,251]. In addition, 
non-radiative recombination contributes much more strongly to the energy loss compared 
to the pristine materials since the PL intensity observed in the 1:1 film is one order of 
magnitude weaker than in pristine DIP and three orders weaker than in pristine PDIR-CN2. 
Using a red laser with an excitation energy of 1.96 eV, which is below the bandgap of the 
neat materials, the CT state can be excited directly, avoiding transfer from the higher energy 
molecular excitons (Figure 6.12d) [245]. 

Regarding the layered samples, the PHJ exhibits strong emission especially at low 
temperatures mainly by PDIR-CN2 excitonic recombination. As expected, emission from 
the SL contains features of both components and only weak emission features from the CT 
states can be observed at 1.4 eV.  

The recombination process through the CT state is further confirmed by time-resolved 
photoluminescence (TRPL) studies performed by Marina Gerhard (University of 
Marburg). The TRPL data presented in Figure 6.13 indicate that the strong long-lived 
emission of the singlet population of pristine DIP and PDIR-CN2 at 10 K is quenched due 
to charge transfer at donor/acceptor interfaces and thus decays on a shorter time scale of 
picoseconds in the mixed films. In addition, one can observe clearly defined CT emission 
with a rise time shorter than the instrument response time (~15 ps), indicating that most 
of the CT states are actually populated on this time scale. The recorded PL dynamics in 
blends is thus dominated by CT emission. The effective 1/e decay times are shown in Table 
6.2. The sub-nanosecond range has been typically observed for CT emission decay 
[252,253]. For the blends with excess PDIR-CN2, the CT state dynamics are not 
substantially altered when the temperature is varied between 10 and 290 K and show clear 
mono-exponential decays (Figure B.3) with no evidence for side decay processes such as 
singlet exciton dissociation expected to occur in the shorter time range [88,253]. In the case 
of the 1:1 blend, however, the PL decay becomes faster with increasing temperature, 
indicating the presence of a thermally activated quenching mechanism. Such quenching 
could be either due to thermally activated dissociation of CT states, or emerge from the 
presence of non-radiative recombination centers. However, thermally activated CT 
dissociation would require binding energies on the order of kBT which is much smaller than 
a value of 0.2 eV evaluated in the following (see Section 6.5), whereas the hypothesis of 
non-radiative recombination centers would imply a certain mobility of CT states with a 
temperature-dependent diffusion coefficient [254]. 
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Table 6.2. Effective decay times extracted from mono-exponential fits of PL transients recorded at 
low and room temperatures 

Material τ at 10 K τ at 290 K 

DIP > 12.5 ns 257 ps 

2:1 190 ps 182 ps 

1:1 496 ps 342 ps 

1:3 448 ps 418 ps 

1:9 452 ps 433 ps 

PDIR-CN2 > 12.5 ns 151 ps 

From the comparison of intermixed and layered samples, where the CT signatures are 
only weakly present, one can assume an anisotropic character of the CT transitions 
polarized in the in-plane direction. In order to explore the anisotropy in detail variable angle 
spectroscopic ellipsometry (VASE) [255] was performed on a film with the most 
pronounced CT effect, i.e. 1:1 (ellipsometry data for the other mixing ratios are given in 
Appendix, Figure B.4). The in-plane and out-of-plane components of the extinction 
coefficient are presented in Figure 6.14. The CT band between 1.5 – 2.1 eV is only visible 
in the in-plane direction, i.e. the direction of π-π interaction. This result is consistent with 
the absence of the CT transition in the PHJ and the SL, where no significant π-π stacking 

Figure 6.13. Two-dimensional plots of the spectrally and time-resolved PL signatures at 10 K for 
DIP:PDIR-CN2 blends with varying mixing ratios, as labelled. The PL intensity is normalized to 
unity for each image. Weak signatures of DIP and PDIR-CN2 are observed in the blends, beside the 
more dominant and long-lived CT peak. At low temperatures there is a pre-edge emission at 
negative delay times in the pristine films due to long life time (> 12.5 ns). The images are taken 
from [2]. 
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of both compounds is present and it is also in agreement with CT transitions in other 
compounds [256]. 

To complete the optical characterization by absorption and photoluminescence spectra, 
electroluminescence (EL) and incident-photon-to-current efficiency (IPCE) spectra of solar 
cells were measured as well. The measurements were carried out by Eduard Meister and 
Theresa Linderl (University of Augsburg). Recorded IPCE spectra (see Figure 6.15) display 
significant differences between PHJ and PMHJ cell architectures. Note that while the IPCE 
data in the subgap region (<2 eV) correlate very well with the absorption spectra of the 1:1 
blend and the PDIR-CN2/DIP bilayer displayed in Figure 6.12b,c, there is a distinct 
difference in the spectral range above the gap (2-3 eV). In this spectral region the PHJ 
device exhibits a two- to threefold higher photocurrent as compared to the PMHJ device. 
The lower current of the latter cannot be fully explained by the lower absorptivity of the 
blend with respect to the bilayer structure (see Figure 6.12b), which is due to a less 
favorable molecular orientation for light absorption. Instead, the lower current indicates 
that the PMHJ suffers from a charge transport problem due to the intimate intermixing of 
DIP and PDIR-CN2 in the 1:1 blend. Because of the good miscibility of both components, 
there are no separate percolation paths for the extraction of the generated charge carrier 
pairs, which are trapped and subsequently recombine in the mixed phase (see also the 
discussion on charge transport in Section 6.4 and Ref. [257]). However, even in the PHJ 
device the IPCE stays below 10%, mainly because of insufficient light absorption due to the 
predominantly standing orientation of both molecular species. 

In the logarithmic representation, Figure 6.15 shows EL spectra of a PMHJ device that 
was operated as a light-emitting diode (LED) under forward bias of 3 V. The luminescence 
signal was normalized to the maximum at about 1.35 eV, which corresponds well to the CT 
emission band observed in photoluminescence spectra of blends (see Figure 6.12d). In 
addition, there is a much weaker band at about 1.8 eV, which could stem from luminescence 
of one of the pristine materials. For the PHJ device there was no detectable EL emission in 

Figure 6.14. Anisotropic components of the extinction coefficient k of the 1:1 film. The inset shows 
a zoom into the range of 1.4-2.2 eV. The in-plane component corresponds to the absorption data 
in Figure 6.12. 
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the calibrated wavelength range (300-1000 nm), even at a voltage as high as 4.5 V, where 
the devices are close to failure. In contrast to the PL spectra shown in Figure 6.12d, 
emission from the pristine materials cannot be seen in a PHJ, which indicates that nearly 
all injected electron-hole pairs recombine at the D/A interface. However, the radiative 
efficiency of emission from CT states polarized in the out-of-plane direction seems to be 
extremely small. 

As introduced by Tvingstedt et al. [240] and refined by Vandewal et al. [48], EL and 
IPCE spectra can be analyzed in the framework of Marcus theory to estimate the CT energy 
ECT, which can then be discussed in relation to the open-circuit voltage VOC of the solar cells 
to quantify energy losses [258,259]. As the EL data show an asymmetric peak, the CT 
approach was modified and fitted our data with the sum of two Gaussians (CT-fit, see 
Figure 6.15). Both the reduced absorption ∑ 휎 (퐸)퐸 and the reduced emission 
∑ 퐼 , (퐸)퐸  were fitted with 

∑ ( )  
∑ , ( )

= ∑ , ,

,
푒푥푝 , ± , ²

,
.                          (6.1) 

Here, λ0 represents the reorganization energy related to the Stokes shift in the CT 
manifold. fσ and 푓   are proportional to the square of the electronic coupling matrix element. 
The plus and the minus sign are taken for reduced absorption and reduced emission, 
respectively. Consequently, one obtains two different CT energies: ECT1 = 1.35 eV and 

Figure 6.15. The orange curve represents the reduced EL spectrum of the 1:1 PMHJ sample 
measured at 3 V bias voltage. The brown line shows the IPCE spectrum of the 1:1 PMHJ solar cell. 
The red dashed lines show the superposition of Gaussians corresponding to the CT-fit, light-blue 
and light-green for EL- and IPCE-fit, respectively. The grey dashed lines complete the light-green
Gaussians to the IPCE-fit over the whole CT range (black dashed line). Note that the peak at 2.25 
eV belongs to the pristine material. The inset displays linear scaled IPCE measurements of PHJ 
and PMHJ cells. The sharp peak around 2.8 eV (IPCE of PMHJ cell) is a measurement artifact. All 
spectra were recorded at 297 K. The images are taken from [2]. 
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ECT2 = 1.48 eV, with the latter value stemming from the peak with the stronger spectral 
weight. This energy splitting may stem from structural variations or a vibronic progression.  

In order to confirm the superposition of different CT states included in the absorption 
band, the IPCE spectra (as in Figure 6.12c) were fitted with the sum of Gaussians as shown 
in Figure 6.15 on the right axis. Although the absorption CT band consists of at least four 
distinct states, obviously only two of them lead to radiative recombination. Similar behavior 
has been observed in the literature for systems with a spectrally broad manifold of CT states 
[260,261]. However, while this can be seen as evidence for energetic relaxation in the CT 
density of states, there still remains the question if equilibrium is reached within the lifetime 
of carriers. Further investigations will have to clarify this issue. 

6.4 Device Behavior 

To elucidate the mechanisms of charge separation and transport, (photo)-electrical 
measurements were performed in the group of Prof. Wolfgang Brütting (University of 
Augsburg) by Eduard Meister for solar cells built in different device architectures, PHJ and 
PMHJ (1:1). This allows for a direct comparison of the photocurrent and the open-circuit 
voltage between face-to-face (in-plane) and edge-on-edge (out-of-plane) stacking.  

The solar cell architecture can be seen in Figure 6.16 alongside the j-V characteristics of 
PHJ and PMHJ solar cells in dark (dashed lines) and under one sun simulated AM1.5G 
illumination (solid lines). The solar cell parameters extracted from j-V measurements are 
collected in Table 6.3. Note that the open circuit voltage (VOC) of both architectures is equal 
and amounts to 0.50 V, whereas the short circuit current (jsc) changes significantly 
from -0.65 mA/cm² for the PHJ to -0.24 mA/cm² for the PMHJ cell, which correlates very 
well with IPCE results. The fill factor (FF) decreases from 57 % (PHJ) to 40 % (PMHJ). As 
a result, the efficiency η is reduced from 0.18 % for the PHJ to 0.05 % for the PMHJ cell, 
which contrasts with phase separating mixtures, where PMHJ cells provide higher 

Figure 6.16. j-V diagram of PHJ and PMHJ DIP/PDIR-CN2 based solar cells. Dashed lines 
represent measurements in the dark and the solid lines under illumination. The inset shows the 
stack architecture of the PHJ (left) and PMHJ (right) solar cells. The images are taken from [2]. 
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efficiencies than their PHJ counterparts[149]. Thus, some degree of phase separation, as 
opposed to perfect intermixing, is beneficial for charge separation in order to increase the 
device performance. 

In general, the open circuit voltage of an organic molecular D/A solar cell can be written 
as [258,259] 

푉 (푇) = − ∆푉 ,                                                    (6.2) 

where q is the elementary charge and 퐸  sets the upper limit of 푉 , which can be achieved 
only in the low temperature limit. At finite temperature there is an energy loss 푞∆푉 =
= ∆푉 + 푞∆푉  composed of thermodynamically inevitable radiative losses as well as 
non-radiative losses. For a wide range of organic D/A systems the energy loss between 퐸  
and the 푉  at 300 K is in the range of 0.5 – 0.6 eV [86,257]. In our case, from 
ECT2 = 1.48 eV for the dominant optically detected CT state one obtains an energy loss of 
qΔVoc of about 1 eV, significantly larger than the typically observed range.  

Furthermore, the photovoltaic gap ΔEDA from UPS is an additional measure for the Voc 
limit in solar cells and was used before to estimate losses in Voc in PHJ solar cells [8]. For 
the planar heterojunction of DIP/PDIR-CN2 ΔEDA is 1.3 eV. Therefore, the losses for the 
open circuit voltage regarding the energy level offset amount to ~0.8 V, larger than for 
previously analyzed material combinations [8]. As discussed in the previous section, the 
reason for the high energy losses and the low VOC (and as a consequence for the low overall 
efficiencies) observed for both cell architectures could lie in the broad manifold of CT states 
with energy relaxation towards the lowest states from where only weak radiative 
recombination is observed. 

Table 6.3. The solar cell parameters extracted from j-V characteristics of PHJ and PMHJ solar cells 
recorded under illumination. Corresponding j-V curves are shown in Figure 6.16.  

config. Voc, V jsc, mA/cm2 FF, % η, % 

PHJ 0.50 -0.65 57 0.18 

PMHJ 0.50 -0.24 40 0.05 

 
In addition to j-V measurements on solar cells, the electrical conductivity in the dark 

σdark of pristine and blended films for varying molar doping ratios was also determined by 
Paul Beyer and Andreas Opitz (University of Berlin). The results are shown in Figure 6.17. 
Both pristine materials are reported to form films with high mobility, DIP for holes and 
electrons, PDIR-CN2 only for electrons [262,263]. In the heterostructures σdark decreases 
by adding the other compound, which is readily explained by the altered crystal structure 
compared to both pristine materials and, as a consequence, lower ordering [264]. This 
minimum in σdark is reached around equimolar mixing ratios. Additionally, the electrical 
conductivity under illumination σphoto was recorded to look at the photoconductivity of the 
blended system. The ratio of σphoto to σdark is shown in Figure 6.17 (bottom panel). The 
strong decrease in the ratio of σphoto to σdark supports the before mentioned discussion on 
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the photocurrent in solar cells. A similar conductivity decrease in molecular blends by 
dilution has been observed earlier [74,257,265].  

Due to the intimate mixture of the molecules in the blended films, high recombination 
losses and charge trapping are present. This results in low conductivities of blended films 
together with the absence of increased conductivities under illumination in these films. 
These effects are limiting the overall performance of the PMHJ solar cells, as discussed 
before. 

6.5 Discussion 

The two perylene derivatives DIP and PDIR-CN2 are an excellent model system to study 
CT effects in organic semiconductors. Mixtures are well ordered in the out-of-plane 
direction, which means each molecule has a well-defined inclination angle to the substrate. 
In the in-plane direction mixed films have a small coherent island size, but exhibit 
nevertheless preferential D/A stacking, which enables the CT state formation in this 
direction. Intermolecular D/A interactions are directly related to the overlap of their frontier 
orbitals, which is maximal in π-π stacking or face-to-face geometry. Therefore, the 
presented CT is stronger in mixed films (BHJ and PMHJ), where the molecule 

Figure 6.17. The electrical conductivity σ depending on the relative molecular concentration of 
PDIR-CN2 to DIP is shown in the top panel. In the bottom panel the ratio σphoto/σdark between 
electrical conductivity under illumination and dark conditions is shown. The dashed lines serve as 
a guide to the eye. The images are taken from [2]. 
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reorientation facilitates orbital overlap, in contrast to planar interfaces (PHJ and SL) with 
almost exclusively edge-on-edge stacking.  

A partial charge transfer in the ground state of 0.17 electrons determined from IR 
spectroscopy and DFT calculations was observed, which leads to a shift of the HOMO levels 
of both compounds towards each other. Judging from UPS data, it was find that the HOMO 
level offset in the mixture is only 1.00 eV in contrast to the 1.70 eV expected from vacuum 
level alignment. Although this relatively strong shift in the HOMO levels was found, there 
are no hints for new states or orbital hybridization in the ground state, since the mixed film 
valence region spectrum is just a superposition of the pristine film spectra taking into 
account the change of IE. The opposite is true for the excited state, where new states were 
observed via UV/Vis/NIR absorption spectroscopy and PL/EL spectroscopies. The 
resulting energy diagram for mixed films is presented in Figure 6.18 where the energy gap 
ΔEDA of 1.65 eV and the dominant CT state of 1.48 eV give a CT exciton binding energy of 
about 0.2 eV. This is smaller than the exciton binding energy of the pristine materials 
(0.4-0.5 eV). The lower exciton binding energy of the CT state can be explained by the wider 
charge separation compared to the exciton associated with the first HOMO-LUMO 
transition in the pristine materials [266,267]. 

For many photovoltaic material combinations, highly sensitive methods are necessary 
to measure the weak CT transitions. However, for the case presented here, some of the 
strong CT absorptions are detectable with standard UV/Vis/NIR absorption spectroscopy. 
Furthermore, the CT absorption is present not only close to the absorption edge of the 
pristine materials, but it has a rather broad energy range of about 0.6 eV. One also find a 
corresponding feature in photoluminescence and electroluminescence at 1.4 eV with strong 
quenching of emission from the single components. The drastic change of molecular 
absorption and emission spectra provides strong evidence for the formation of a D/A 
complex with new electronic properties. Time-resolved PL reveals that the CT state life-
time of 400-500 ps is significantly shorter compared to the individual compounds at 10 K 
and nearly independent from temperature. Judging from this, the CT states open the 
dominant recombination channel.  

Importantly, our findings demonstrate the anisotropic character of the electronic 
transition to the excited CT state. As sketched in Figure 6.18 (bottom) it is strong in the in-
plane direction, where π–π intermolecular stacking occurs (perpendicular to the molecular 
backbones), but absent between molecules in edge-on-edge configuration. Thus, π–π 
stacking is a prerequisite for the efficient intermolecular coupling, which is the main 
characteristic for GS-CT (Figure 1.1). If an intimately mixed structure is established, further 
properties of the formed complex are primarily determined by the energy level difference 
ΔEDA, which in our case amounts to 1.65 eV, apparently too high for a substantial 
hybridization of the molecular orbitals. By considering the structural prerequisite of 
molecules to form π-π stacking and the magnitude of ΔEDA, one may make a prediction for 
the interaction type that a D/A combination will exhibit. One can note further, that the 
anisotropic character of CT is not in contradiction with our observation of equal VOC for 
PHJ and PMHJ solar cell configurations, because the rough polycrystalline DIP layer 
shown in Figure 6.1 offers enough surface area for π–π stacking with PDIR-CN2 molecules 
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even in a PHJ. Thus, the equality of the observed VOCs underlines the dominance of the 
energetically favorable face-to-face CT recombination pathway.  

The formation of coupled, but weakly ordered crystalline D/A complexes, where excited 
CT states serve as traps for excitons[74,257,265] and open pathways for radiative and non-
radiative recombination, is accompanied by a decrease of charge carrier conductivity and 
an increase of energy losses. Nevertheless, material combinations with strong CT 
absorption could lead to increased short circuit current by using more photons from the 
infrared region. The overall efficiency could be increased by using well-ordered mixed-stack 
charge-transfer crystals due to improved extraction efficiency [89,268,269] and applying 
them as donor and/or acceptor in photovoltaic cells. Combining the higher degree of 
structural order, the broad CT absorption and reduced energy losses, might lead to new 
device architectures. 

In summary, a comprehensive study of an organic D/A molecular system 
(DIP:PDIR-CN2) prepared by OMBD involving structural, optical, electronic and device 
characterization was performed. The formation of a CT complex characterized by a weak 
ground state interaction expressed in a partial CT of 0.17 electrons per molecule and a 
strong excited state CT, which is highly anisotropic in nature, was identified. The strong 
intermolecular coupling together with the intimately mixed structure without phase 
separation contributes to the large energy losses in solar cells from these materials. 

 
 

 

Figure 6.18. Schematic energy level diagram for mixture DIP:PDIR-CN2 (top) and orientations of 
transition dipole moments (bottom). IE values were determined by UPS, the EA values by 
subtracting the transport gaps from IE values. ECT is taken from the strong CT energy calculated 
from the EL and IPCE data. ΔEDA is the difference between the DIP IE and the PDIR-CN2 EA. The 
images are taken from [2]. 
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CHAPTER   7 

STRUCTURE-DEPENDENT CHARGE 
TRANSFER IN 
DIP/PEN:PDIR-CN2/PDIF-CN2  

In this chapter the mixing behavior and intermolecular coupling of several donor and 
acceptor molecules in thin films prepared by organic molecular beam deposition (OMBD) 
are investigated. Diindenoperylene (DIP) and pentacene (PEN) were used as donor and 
perylene diimide derivatives (PDIR-CN2 and PDIF-CN2) as acceptor materials. The 
formation of strongly coupled charge transfer complexes vs. non-interacting phase 
separating components was studied using real-time and post-growth techniques for 
structural and optical analysis. 

7.1 Structure Analysis 

Reciprocal space maps of binary mixed thin films of DIP:PDIR-CN2 as well as 
DIP:PDIF-CN2 with different mixing ratios are shown in Figure 7.1. A growth temperature 
of 140 °C was chosen as a temperature at which both acceptor compounds reveal the 

Figure 7.1. Reciprocal space maps of DIP:PDIR-CN2 (top) and DIP:PDIF-CN2 (bottom) deposited 
at 140 °C. The Z-axis is perpendicular to the substrate surface (XY plane). 
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highest crystallinity. In the case of PDIR-CN2 coexistence of two polymorphs is observed 
as described in Chapter 5. In contrast, the DIP crystalline structure does not undergo 
significant changes when going from room substrate temperature (RT) to high substrate 
temperature (HT). In both equimolar mixtures (1:1) formation of mixed phases is clearly 
observed. The calculated lattice parameters are given in Table 7.1. The mixed phase unit 
cell volume is consistent with a sum of the donor and acceptor unit cells. When the amount 
of one component exceeds the second one, nucleation of a pure phase of the exceeding 
component occurs. Thus in non-equimolar blends (3:1, 1:2 in Figure 7.1) phase separation 
between the co-crystal and pristine phases takes place at high substrate temperature. 

However, the diffraction pattern in DIP:PDIF-CN2 1:2 (bottom right corner of Figure 
7.1) does not correspond to the crystal structure of PDIF-CN2 observed in the pristine films 
(Section 5.1). Interestingly, the calculated volume of the possible unit cell is almost twice 
the original one (1574 Å3 vs. 798 Å3). This might be a hint for another polymorph similar 
to the HT-phase of PDIR-CN2 containing two molecules per unit cell.  

In addition, one can also note that at RT, where both acceptor materials exhibit a less 
ordered structure, only a short-range order is present in the mixed films (see Figure 7.2). 
One can observe the presence of the distorted pure phases in DIP:PDIR-CN2 series which 
is not the case for DIP:PDIF-CN2.      

Diffraction images of mixtures with PEN deposited at 70 °C are shown in Figure 7.3. 
The temperature is chosen due to weak adsorption of PEN molecules on SiOx. At this 
temperature neither PDIR-CN2 nor PDIF-CN2 undergo a phase transition and reveal 
structural properties similar to those at RT. Thus, PDIR-CN2 thin films contain crystalline 
domains of the RT-polymorph and PDIF-CN2 thin films exhibit a weak scattering from the 
nearly amorphous structure as discussed earlier. Both components PEN and PDIR-CN2 
maintain their individual diffraction patterns in the mixed film and no further diffraction 
peaks are observed. This evidences a strong phase separation between the species with their 
unit cell remaining unperturbed. However, formation of a pronounced co-crystal is 

Figure 7.2. Reciprocal space maps of DIP:PDIR-CN2 (a) and DIP:PDIF-CN2 (b) deposited at room 
substrate temperature. The Z-axis is perpendicular to the substrate surface (XY plane). 
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observed for PEN:PDIF-CN2 mixed films (Figure 7.3b-e), wherein the excess of PEN 
molecules nucleates separately (Figure 7.3b) and the excess of the amorphous PDIF-CN2 
phase leads to a “dilution” of the mixed phase: the crystalline order decreases in the  
amorphous matrix  (Figure 7.3d,e).   

Table 7.1. Co-crystals unit cell parameters. 

D/A system a, Å b, Å c, Å α, β, γ, V, Å3 

DIP:PDIR-CN2 1:1 8.45 10.07 17.41 86.09 103.85 103.64 1396.37 

DIP:PDIF-CN2 1:1 8.72 8.97 17.25 85.83 97.93 101.91 1307.06 

DIP:PDIF-CN2 1:2 8.49 11.01 18.08 86.72 97.86 109.88 1573.56 

PEN:PDIF-CN2 1:1 7.44 9.30 17.95 96.55 81.74 94.25 1218.54 

 

7.2 FTIR Measurements 

In order to find out whether a ground-state CT is present in the studied systems FTIR 
measurements were performed. The recorded transmission spectra are presented in Figure 
7.4. A characteristic shift of the –CN2 vibrational mode is present in DIP:PDIF-CN2, 
PEN:PDIF-CN2 similar to that in DIP:PDIR-CN2 discussed in Section 6.2. At the same 
time, no distinct shift in the PEN:PDIR-CN2 spectrum is observed. A similar correlation 
between vibrational-mode shifts and D/A mixing/demixing has been observed for 
polymer:fullerene systems [247]. 

 

Figure 7.3. Reciprocal space maps of PEN:PDIR-CN2 1:1 100 nm film (a) and PEN:PDIF-CN2

mixed films (b)-(e) deposited at 70 °C. 
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7.3 Optical Absorption and Emission Spectra 

All changes experienced by organic molecules due to a modification of the environment are 
reflected in the molecular electronic structure through new features (e.g. energy shifts, band 
shape modification, appearance/disappearance of new transitions) into the optical 
absorption and emission spectra.  Thus, in the optical absorption spectra (Figures 7.5a and 
b) the first fundamental transitions around 2.2 eV of pristine PDIR-CN2 and PDIF-CN2 
grown at high substrate temperature originate from J-like coupling due to a longitudinal 
displacement between molecules in the crystal phases. The absorption spectrum of DIP also 
undergoes changes in comparison with the solution spectrum due to the long-range 
intermolecular interactions upon crystallization in thin films[109]. It is worth mentioning 
that in solution both DIP and PDI molecules show a similar spectrum with the first 
transition around 2.35 eV. For PEN, the optical energy gap is narrower – about 2.1 eV 
[175]. Upon formation of a D/A co-crystal the resulting absorption spectrum of thin films 
with a mixing ratio close to equimolar resembles neither spectra of the individual molecules 
nor spectra of the pristine thin films, as it is the case for DIP:PDIR-CN2, DIP:PDIF-CN2, 
and PEN:PDIF-CN2 (Figures 7.5a,b,d). Intermolecular coupling favored by the closely 
packed D/A molecules in the mixed phases causes the changes in the band shape and 
appearance of new absorption bands in the subgap energy regions (see insets in Figure 7.5). 
Such subgap absorption bands are generally attributed to a direct CT transition from the 
HOMO of a donor molecule to the LUMO of an acceptor molecule upon excitation as 
discussed in Section 6.3. The spectra of the equimolar blends in both DIP systems look 

Figure 7.4. FTIR transmission spectra of neat DIP, PEN, PDIR-CN2, PDIF-CN2 and mixed films 
(1:1). A shift of the characteristic –CN2 stretching mode at 2222.3 cm-1 for PDIR-CN2 (light green) 
and 2224.1 cm-1 for PDIF-CN2 (blue) serves as an indication of a partial ground state CT.  
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similar with a relatively strong complex CT band between 1.4 – 2.1 eV and the intensity 
center of mass shifted towards higher energy (2.5 eV). The similarity can be explained by 
the fact that the DIP molecules interact directly with the perylene diimide backbones, which 
are identical for both PDIR-CN2 and PDIF-CN2, whereas the acceptors’ optical properties 
in thin films are affected by the environment via the different side chains. When the mixing 
ratio deviates from 1:1, optical traits inherent to the pure donor or acceptor crystalline 
phases become more pronounced making the resulting spectrum a superposition of the 
pure materials and the mixed phase spectra. This observation supports the conclusions on 
the structure made in the previous section. 

In the PEN:PDIR-CN2 system, where strong phase separation is observed, the optical 
behavior is different (Figure 7.5c). Spectra of the mixed films resemble a simple 
superposition of both original components with a gradual change in accordance to the 
mixing ratios. In this, the optical features attributed to the pristine crystal phases, such as a 
Davydov splitting of the red-shifted 0-0 transition between 1.8 – 2.0 eV in PEN and the 

Figure 7.5. Optical absorption spectra in the in-plane direction evaluated from ellipsometry data: 
(a) DIP:PDIR-CN2 at 140 °C; (b) DIP:PDIF-CN2 at 140 °C; (c) PEN:PDIR-CN2 at 70 °C; 
(d) PEN:PDIF-CN2 at 70 °C. The insets show zooms into subgap regions containing the CT bands.
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red-shifted 0-0 transition in PDIR-CN2 around 2.2 eV, persist in the blends. Note that the 
oscillation strength of the excitation transitions in PDIR-CN2 along the in-plane direction 
is higher than that in PEN, and therefore a contribution of PDIR-CN2 dominates in the 
resulting spectra of the blends. In contrast, when mixing with PDIF-CN2 (Figure 7.5d) 
modification of the optical response is observed again. Excitons generated in 
PEN:PDIF-CN2 system seem to be more delocalized compared to those in DIP systems, 
because single transitions are not distinguishable between 2.0 – 2.4 eV (energy range 
corresponds to the first transitions of PEN and PDIF-CN2 in solution) in 1:1 and 1:3 
mixtures. The spectrum broadening may stem from vibronic coupling which can induce 
hybrid states between the lowest local-excitation and CT states [270]. Emergence of a 
subgap absorption band, although weaker in comparison with DIP mixtures, is also found. 
The CT absorption band starts at around 1.0 eV. The difference with the DIP:PDIR-CN2 
and DIP:PDIF-CN2 systems of ~0.4-0.5 eV is consistent with the lower-lying HOMO level 
of DIP (Figure 4.1). 

 The PL spectra measured at RT (solid) and 77 K (dotted) are shown in Figure 7.6. In 
DIP mixtures (Figure 7.6a,b) strong quenching of the singlet exciton emission and an 
appearance of a typical CT peak around 1.4 eV are observed. Remarkably, when the 
molecules are evenly distributed within a film without pure phases, which is the case for 
equimolar blends in both systems (see also Figure 6.12d) and 3:1 and 1:3 DIP:PDIF-CN2 
films at RT (Figure C.1 in Appendix C) only the CT emission is observed. In other cases, 
when segregation of a pure phase is observed, the emission between 1.6-2.2 eV indicates 
crystallites of the excess component. An emission quenching often is a characteristic of face-
to-face arrangement and beneficial for solar cell application because of reduced 
recombination rates [271,272]. However, the ultrafast relaxation within the CT band 
competes with the dissociation process into charge carriers [273] contributing into the 
energy loss enhancement unless the lowest CT state is weakly bound [46]. The latter is 
rarely the case with face-to-face orientation. In contrast, highly emissive PDIR-CN2 fully 
dominates a spectrum when mixed with PEN (Figure 7.6c). PEN features are 
distinguishable only in the 3:1 film since the photolumiscence intensity from PEN is 
originally a few orders of magnitude weaker. In agreement with the results described above, 
no evidences for intermolecular coupling in PEN:PDIR-CN2 is found. Although PDIF-CN2 
on par with PDIR-CN2 exhibits strong emission, upon intermixing with PEN a decrease of 
the intensity by 2 orders of magnitude is seen in Figure 7.6d. Besides, in the mixtures a 
band shape of the residual emission resembles the PDIF-CN2 monomer spectrum and not 
that of the thin film. Due to the instrument limit the energy range below 1.2 eV, where a 
possible CT peak is expected judging from the absorption data, cannot be explored. 
However, the available data along with FTIR measurements (Figure 7.4) provide sufficient 
evidence of CT in PEN:PDIF-CN2 mixed films.  

7.4 AFM Images of 1:1 Mixtures 

Having described general interaction processes in DIP and PEN binary mixtures with PDI 
acceptors, now formation of the D/A co-crystals with the properties of a CT complex can be 
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considered in more detail. For this purpose, one can first address the thin films morphology 
investigation. AFM images of the purely films and equimolar blends are provided in Figure 
7.7. Both pure DIP and PDIR-CN2 at HT follow the layer-plus-island growth (Stranski-

Figure 7.6. Photoluminescence spectra recorded at 297 K (solid) and 77 K (dotted): 
(a) DIP:PDIR-CN2 at 140 °C; (b) DIP:PDIF-CN2 at 140 °C; (c) PEN:PDIR-CN2 at 70 °C; 
(d) PEN:PDIF-CN2 at 70 °C. All intensities are normalized to the donors´ intensities. An intensity 
increase at 1.2 eV is a background due to the instrument limit. 
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Krastanov) mode forming flat terraces on top of the previous layer. As can be seen from the 
round shape of the terraces, there is no favored growth direction within the surface plane. 
PDIF-CN2 at HT reveals growth along all three axes. Thus round islands dominate on the 
surface. Yet, upon intermixing of PDIs with DIP at HT pronounced needle-like features 
emerge. The islands are longer in DIP:PDIR-CN2: 0.5 – 0.8 μm as opposed to 0.2 – 0.5 μm 
in DIP:PDIF-CN2. This evidences a preferred 1D growth which most probably occurs along 
a direction of the π – π stacking between the D and A moieties [213,274].  PEN molecules 
are arranged into so called “wedding-cake” islands, a morphology typical of rod-like organic 
molecules. The equimolar blend with PDIR-CN2 features a surface consisting of round 
domains with a diameter of 0.1 – 0.5 μm which cannot be assigned to a certain compound. 
The mixture with PDIF-CN2 is full of small elongated grains with a lateral size of 
0.05 – 0.3 μm which might be related to the 1:1 co-crystal.  

7.5 DRS on 1:1 Mixtures 

The formation of a CT complex can be followed in situ and in real time by DRS during film 
deposition (Figure 7.8) allowing to monitor instant changes in the optical absorption 
spectra. As can be seen from Figure 7.8a,b, in DIP mixtures already the first monolayer 
(ML) is different from the spectra of the pure D and A materials and the co-crystal is formed. 
Due to the relatively high oscillation strength the CT bands can be detected with DRS. The 
band develops over the first few MLs and saturates after 15 nm in DIP:PDIR-CN2 and 10 
nm in DIP:PDIF-CN2. In contrary, in PEN films one can clearly see in the beginning of 
growth the monomer spectrum of the PDIs and a shoulder at 2.1 eV originating from the 
PEN monomers. Then, both parts of the spectrum belonging to crystalline PEN and 
PDIR-CN2 develop independently during PEN:PDIR-CN2 film growth (Figure 7.8c). The 
signature of crystalline PEN is also present in the PEN:PDIF-CN2 equimolar blend 

Figure 7.7. AFM images 3 × 3 μm of neat and 1:1 films: upper row - DIP systems; bottom row – 
PEN systems. 
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(between 1.8 – 2.0 eV in Figure 7.8d), whereas the PDIF-CN2 part undergoes significant 
changes towards formation of the delocalized absorption band with the maximum between 
2.1 – 2.3 eV. 

 

Figure 7.8. DRS spectra of pristine and 1:1 films: (a) DIP:PDIR-CN2 at 140 °C; (b) DIP:PDIF-CN2 
at 140 °C; (c) PEN:PDIR-CN2 at 70 °C; (d) PEN:PDIF-CN2 at 70 °C. The inset shows a zoom into 
subgap regions containing the CT bands. Note, the detector sensitivity and energy range are not 
sufficient to distinguish the weak CT band in PEN:PDIF-CN2. 
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7.6 Structure - CT Properties in DIP:PDIF-CN2 

In order to correlate CT optical features with structural parameters the DIP:PDIF-CN2 
system can be examined in detail (Figures 7.9 and 7.10). Real-time GIXD of a film with a 
small DIP excess (Figure 7.9a) shows that the diffraction peak around 1.8 Å-1 associated 
with the π-π stacking distance of about 3.5 Å typical for co-crystals appears from the 2nd  
ML. From the real-time data one can see that the mixed phase starts to nucleate earlier than 
the DIP phase, supporting the idea of the preferred D/A bonding interaction. In this case 
ripening and growth of the DIP phase is rather induced by supersaturation of the excessive 
material [79,275]. In Figure 7.9b a comparison of the coherent crystal grain sizes (evaluated 
using the formula 3.4) is plotted. The evolution of the mixed phase can be directly compared 
with the DRS signal of the CT absorption band in the inset in Figure 7.8b. An interesting 
finding is that the CT band saturates after ~6-7 monolayers which coincides with the mixed 
phase crystals formation.  

In Figure 7.10 structural (a) and optical (b) changes caused by different Tsub are 
provided. In Figure 7.10a one can see how the structural order increases with the 
temperature from the increasing contrast of the mixed phase diffraction features. The width 
of the Bragg peak at qxy = 0.75 Å-1 was fitted for all four temperatures. Using the Scherrer 
formula (Equation 3.4) the corresponding coherent scattering length ls was determined. 
The corresponding rise of the oscillator strength of the absorption and emission CT bands 
in Figure 7.10b allows to relate these two effects: the CT absorption is plotted in Figure 7.11 
as a function of ls. 

The structural dependence can be rationalized in a way that the enhanced crystallinity 
of the co-crystal can be unambiguously attributed to the increased number of the D/A 

Figure 7.9. (a) Real-time GIXD on the nearly 1:1 DIP:PDIF-CN2 film with a small DIP excess 
grown at 140 °C; red dots mark DIP diffraction peaks, the violet square marks the most 
characteristic peak of the mixed phase. (b) A plot of the scattering length versus number of 
monolayers shows a competition of the mixed and pure DIP crystal phases.  
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complexes which is in a direct correlation to the strength of the CT absorption band [276–
278]. If the structure factor is excluded by comparison of systems of similar crystallinity a 
degree of the electronic coupling between the ground and excited CT state can be estimated 
as well.  

 

 

Figure 7.10. Temperature-dependent study of structural and optical properties of the mixed phase. 
(a) Reciprocal space maps of DIP:PDIF-CN2 deposited at different substrate temperatures. (b) 
Characteristic optical absorption (top) and emission (bottom) CT features of DIP:PDIF-CN2 films 
grown at different substrate temperatures. 

Figure 7.11. CT absorption at 2.0 eV from Figure 7.10b (top) as a function of the scattering length.
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7.7 Discussion 

In the present thesis co-evaporated binary mixtures of small molecule OSC are considered. 
The capabilities of the donor and acceptor molecules with different sterical and energetic 
properties to interact and form a CT complex are compared. Thus, two main parameters 
are examined: structural compatibility due to the molecular geometry and energy gap EDA. 

In all three D/A systems the CT complex formation correlates with intermixing of the 
components accompanied by a mixed phase formation during film deposition, whereas the 
strongly segregating system preserves the structural and optical characteristics of both 
moieties. However, the mixing vs. demixing scenario is apparently determined by the 
molecule tendency to intermolecular coupling. The intermolecular interactions between D 
and A moieties are not necessarily based on CT in the ground electronic state, although it is 
apparently present in the studied systems (FTIR in Figure 7.6) and can have a van der 
Waals nature as well[247]. 

Here, we suggest to consider the mixing scenarios between the studied small molecule 
materials in terms of a nearest-neighbor interaction model introduced by Kitaigorodsky, 
where the main driving force of a phase nucleation is a difference between host-host, guest-
guest and host-guest intermolecular interactions W (see Section 2.2).  

Based on the results, the proposed morphologies are visually summarized in Figure 
7.12. The first row shows the mixing behavior in DIP systems at RT. At RT, PDIF-CN2 the 
films are nearly amorphous (up to ~110-120 °C). The PDIR-CN2 films are weakly 
crystalline due to the shielding effect of the side chains, as opposed to DIP and PEN. Thus, 
WPDIF-PDIF is considered to be the smallest one in comparison with WPDIR-PDIR, WDIP-DIP, and 
WPEN-PEN. This allows PDIF-CN2 molecules to easily intermix with sterically compatible 
DIP molecules. Due to the disruptive influence of PDIF-CN2 molecules an excess of DIP 
does not maintain the long-range order (Figure 7.2b). This leads to the formation of a solid 
solution (in the absence of the preferred crystal packing) with the properties of the CT 
complex even for non-equimolar films (Appendix C). Nucleation of the PDIF-CN2 
crystalline phase occurs at HT when the higher kinetic energies enable a stabilizing π–π 
interaction between the perylene diimide backbones. This results in coexistence of the neat 
and mixed crystal phases. The strength of the CT complex optical features such as the 
absorption and emission bands correlates directly with the co-crystal grain size which 
increases with the Tsub (Figures 7.10 and 7.11).  

Amongst the given material combinations, the intermolecular interactions between DIP 
and PDIR-CN2 seem to be the strongest. The alkyl side chains have the weaker hindering 
effect on PDIR-CN2 intermolecular coupling in comparison with the fluorinated chains and 
therefore crystallinity is present at RT. Consequently, phase separation is observed at RT 
in contrasts to DIP:PDIF-CN2. HT promotes formation of the highly-crystalline extended 
one-dimensional D/A packing. In general, for small aromatic molecules, in particular for 
rod-like molecules, a face-centered parallel stacking is disfavored, in contrast to T-shaped 
or offset-stacked geometries (herringbone structure as a compromise) due to electrostatic 
repulsion. This is the case unless electrostatic interaction of donor (electron-donating) and 
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acceptor (electron-withdrawing) species contributes to the force balance [103,106]. This is 
a reason for the most-observed D/A co-crystal geometry [213,272,274].  

Whereas the mixing scenario can be rationalized using the nearest-neighbor approach, 
the further phase evolution is a result of a complex impact of kinetic parameters such as 
diffusion, mobility, deposition rate, and temperature [275,279,280]. It has been observed 
that elevated processing temperatures facilitate demixing of chemically or sterically 
incompatible molecules[281]. At HT even a slight deviation from the 1:1 stoichiometry 
induces nucleation of the pure phase, which nevertheless do not compete with the mixed 
phase. The results provide an option to maintain both mixed and neat phases when the 
increased crystallinity is achieved, while at RT all studied mixed phases are weakly-ordered 
and resemble a statistic mixture, which seems to strongly limit the charge carrier mobility 
[2,70,257]. 

PEN molecules are apparently less sterically compatible with the larger PDI molecules 
or/and the area of the aromatic system is too small[78]. As a consequence, PEN:PDIR-CN2 
is the only system where neither CT nor intermolecular coupling is observed. Intermixing 
of PEN with PDIF-CN2 is possible owing to the weak WPDIF-PDIF coupling which is 
suppressed by the shielding effect of the fluorinated side chains. However, the pure PEN 
phase persists in 3:1 and likely even in 1:1 mixtures. With the further increase of PDIF-CN2 
content the mixed phase experiences dilution within the amorphous matrix. 

The competition between donor-donor, acceptor-acceptor, and donor-acceptor binding 
energies is sketched as an energy diagram in Figure 7.13. The latter term is favored for 
highly compatible DIP:PDIs and less compatible PEN:PDIF-CN2. Therefore, the minima 
in the diagram refer to the most energetically stable structure. WPEN:PDIF is sufficient to 
overcome weak WPDIF:PDIF, and therefore the free energy gain is achieved by formation of 
the co-crystal. An increase in the binding energy in mixed binary films was also measured 
earlier for PEN:PFP by thermal desorption spectroscopy [282]. However, the PDIR-CN2 
phase is energetically more stable than the PDIF-CN2 phase and does not follow this 
scenario. 

Figure 7.12. Sketches illustrating mixing behaviors of DIP (upper row) and PEN (bottom row) 
mixtures. The side chains in the PDIs are omitted for clarity. 
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Further, for the intermixing D/A systems where the CT complex formation is observed, 
the role of a relative position of the HOMO-LUMO energy levels can be considered. The 
energy levels measured in the pristine films are summarized in Figure 7.14 (left). Note that 
all values are provided for thin films grown at RT [1,2,154,155]. The widest EDA seems to 
be between DIP and PDIR-CN2, followed by DIP and PDIF-CN2, and the narrowest one is 
supposed to be between PEN and PDIF-CN2. However, as discussed in Chapter 5, the 
energy shift between PDIR-CN2 and PDIF-CN2 thin films originates from the polarization 
effect of the fluorinated side chains exhibiting higher electron density in comparison with 
the perylene diimide backbone, whereas the electronic structure of the monomers in 
absence of the environmental effects stays similar. The sketch in Figure 7.15a illustrates 
how the photoelectron kinetic energy measured by UPS is affected by the surface dipole 
moment P created by the difference in the electron density of the fluorinated side chains 
and the aromatic core [235,236,283]. 

This can be an explanation why, despite the fact that the different side substituents 
heavily affect the thin film structural and optical properties, the resulting D/A complexes 
exhibit almost identical energetic landscapes (Figure 7.4a,b) in DIP:PDIR-CN2 and 
DIP:PDIF-CN2. Thus the CT state energies differ by about 0.05 eV for DIP:PDIF-CN2 as 
shown in Figure 7.14 (right), which is approximately one order of magnitude smaller than 
the measured difference in the EA for the pristine acceptor thin films. Furthermore, the 
oscillator strength of the CT optical features seems correlate directly with the co-crystal 
quality, which is the best in case of DIP:PDIR-CN2 grown at 140 °C. Thus the main idea is 

Figure 7.13. Diagram sketching the energetically beneficial co-crystal formation in case of 
DIP:PDIR-CN2, DIP:PDIF-CN2, and PEN:PDIF-CN2. The interaction between PEN and 
PDIR-CN2 is not sufficient to compete with PDIR-CN2 – PDIR-CN2 bonding forces whereas 
weakly bound PDIF-CN2 molecules dissociate more easily. 
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that the CT complex is formed between a DIP molecule and a perylene diimide backbone, 
and since the CT transition is anisotropic and oriented parallel to the π-π stacking, the 
replacement of the acceptor has no strong impact on its properties in the particular case 
(Figure 7.15b). Therefore, one may conclude that environment effects, such as polarization 
etc., have no strong impact on the strength of a D/A couple as soon as their molecular 
orbitals are structurally accessible for a close interaction. 

The replacement of DIP by PEN causes strong alterations in the intermolecular 
coupling behavior, which is present in PEN:PDIF-CN2 including formation of a CT 

Figure 7.14. Energy level diagrams for the pristine films (left) and the D/A blends (right). The 
yellow arrows are guides to the eye for the energy shift between PDIR-CN2 and PDIF-CN2. The CT 
energies (except for DIP:PDIR-CN2) are based on the optical data. 

Figure 7.15. (a) Illustration on how the surface dipole moment P can affect the photoelectron 
kinetic energy in a PDIF-CN2 layer; (b) The CT complex formed between the aromatic backbones 
is not strongly influenced by the acceptor side chains. 
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complex and absent in PEN:PDIR-CN2. The CT features in PEN:PDIF-CN2 are less 
prominent compared to the DIP systems. The higher PEN HOMO level results in the 
corresponding red-shift of the CT states (ECT ≈ 1 eV in Figure 7.13, right). However, this 
does not ensure formation of a “stronger” CT complex with predominantly hybridized 
molecular orbitals as can be evidenced from both UV/Vis and FTIR data, at least until the 
structure factor is excluded.  

To conclude, the results show a direct correlation between small molecule compatibility 
and the CT properties of the corresponding D/A complex. The morphology of a small 
molecule D/A mixture can be controlled by tailoring the intermolecular interactions via 
change of molecule geometry and/or substrate temperature. The formation of a CT complex 
is a function of the film structure and the energy gap EDA but apparently does not depend 
on the relative orientation of the D and A transition dipole moments. 
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CHAPTER   8 

SUMMARY AND CONCLUSION  

In the present thesis the interplay between the steric properties, defined by the chemical 
composition and configuration, of rod-like small molecules, the thin film growth and 
ordering behavior, and the thin film optical properties has been thoroughly investigated. 
The CT properties of the resulting D/A blended system are found to be in a direct correlation 
with the D/A backbone intermolecular coupling that induces specific morphologies. 

8.1 Results on Acceptor Materials 

The two PDI semiconductors have a similar chemical structure with their bulky side chains 
limiting molecule kinetics on a substrate during film deposition. However, the 
perfluorination of the side-chain substituents strongly enhances the shielding effect of the 
perylene diimide backbones. The side chains influence the growth in the following aspects 
(illustrated in Figure 8.1): 

 Both PDIR-CN2 and PDIF-CN2 films are less ordered when deposited at RT in 
comparison with DIP or PEN. However, PDIR-CN2 maintains weak crystallinity 
(RT-phase) whereas PDIF-CN2 is nearly amorphous. 

 With increasing substrate temperature, the molecular diffusion is enhanced allowing 
molecules to access the more energetically favored but kinetically limited packings. 
Thus, PDIR-CN2 nucleates in a new HT-phase with two molecules per unit cell at Tsub 
above 120 °C. Crystallization of PDIF-CN2 is observed at Tsub above 110 °C. 

 The change of the optical properties upon dimerization is prominent enough so that one 
can associate it with different growth stages. 

 Formation of the crystal phases is not instantaneous and occurs within a molecular 
aggregate. The structural transition is thickness- and temperature-dependent.  

 A good long-range order along the vertical axis in the HT films allows one to quantify 
the difference in the electron density between the molecules. 

 The dramatic difference in the optical properties between both materials in crystalline 
thin films, weakly ordered thin films, and solutions originates from environmental 
effects such as dipole-dipole or solvent-monomer interaction. 
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 Environmental effects such as polarization lead to the energy levels shift downwards in 
thin films of the partially fluorinated compound but are irrelevant when the monomers 
are considered. 

The conclusions on the acceptor materials are important for the interpretation of the 
results on D/A mixed films, although they are also valuable as an independent study of n-
type small molecule OSCs.  

8.2 Results on CT Complex Formation in DIP:PDIR-CN2 

Both donor and acceptor components are sterically compatible and therefore intermix well 
during co-evaporation. The system showcases the formation of a weak CT complex. The 
term “weak” is used to distinguish it from the case of a “strong” CT complex with hybridized 
(shared) orbitals usually observed for D/A couples where the LUMO level of an acceptor is 
at least not higher than the HOMO level of a donor. The following key points can be used 
to sum up the results of Chapter 6: 

 Due to D/A bonding intermolecular interaction a tendency of PDIR-CN2 molecules for 
a reorientation towards more standing up-right DIP molecules is found.  

 The mixed D/A films do not exhibit a long-range structural in-plane order. However, a 
preferred face-to-face stacking is observed. 

 In the ground electronic state, a moderate (less than 0.2 electron) ground state CT is 
observed by changes in the FTIR spectrum. The ground state interactions also lead to 
the HOMO level alignment between DIP and PDIR-CN2. 

Figure 8.1. Sketch demonstrating thickness- and temperature-dependent growth of PDIR-CN2 and 
PDIF-CN2 thin films by OMBD. 
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 Under excitation a pronounced complex CT absorption band appears in the NIR energy 
range. The resulting spectrum in the UV/Vis does not resemble the spectra of the single 
components.  

 The singlet exciton emission is fully quenched in the equimolar blends radiative 
recombination passes through the two lowest CT states. 

 All CT characteristic features are observed predominantly along the in-plane direction 
i.e. perpendicular to the molecular π-systems (Figure 8.2) demonstrating that the 
sufficient molecular orbital overlap is required for the CT. 

 The intimate intermixting with low crystallinity and bound CT states causes high 
exciton self-trapping suppressing the charge carrier mobility and decreasing overall 
device performance. 

The bottom line is that the CT mechanism and properties have to be considered in close 
conjunction with the thin film morphology and structure.  

8.3 Overview of Four D/A Systems 

In Chapter 7 the compatibility and the ability to form a CT complex of different donors 
(DIP, PEN) and acceptors (PDIR-CN2, PDIF-CN2) are investigated. The sterical, structural, 
and energetical factors are analyzed. The main outcoming ideas can be summarized as 
following: 

 PDI acceptors reveal better structural compatibility with perylene-based DIP than with 
PEN. 

 The binding energy in the context of intermolecular interactions is a crucial parameter 
determining the possible mixing scenarios. 

Figure 8.2. Schematic of the CT complex between DIP and PDIR-CN2 molecules. The energy levels 
of PDIR-CN2 are shifted towards those of DIP. The blue arrow in the center depicts the orientation 
of the CT transition perpendicular to the stacking direction. 
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 The side chains of the PDI acceptors strongly influence their intermolecular binding 
interaction within the films and, as a consequence, their miscibility with the donor 
molecules. 

 In the phase-separating system (PEN:PDIR-CN2) no evidences of intermolecular 
coupling between D and A species are observed (Figure 8.3). 

 The electrostatic component between D and A molecules plays an important role in the 
energy balance. Therefore, the 1D D/A face-centered stacking is preferred. This is 
hardly achievable between molecules of the same type. 

 The oscillation strength of the optical CT features strongly correlates with the co-crystal 
quality, which can be controlled by the deposition temperature and the degree of the 
intermolecular attractive interaction. 

 Fluorination of the side chains in the PDIs leads to a shift of the measured IE and EA 
due to molecule polarization, however their frontier orbitals are not necessarily affected. 
Due to the fact that the CT transition is anisotropic its energy does not change 
significantly when replacing the acceptor, since the aromatic core stays the same 
(Figure 8.3). 

 However, replacement of the DIP donor with PEN leads to the corresponding change 
in the CT energy.  

8.4 Outlook 

The results are not only helpful for future engineering of well-performing organic n-type 
active layers and D/A heterojunctions with desirable characteristics, but also contribute to 
a fundamental understanding of condensed state properties of organic small molecule 
semiconductor materials. The following directions for future projects can be considered: 

 For a better understanding of the electronic structure of the CT complexes, DFT can be 
used to calculate the 1:1 spectra of DIP:PDIR-CN2, DIP:PDIF-CN2, and 
PEN:PDIF-CN2 [189].  

Figure 8.3. CT complex formation is observed for DIP:PDIR-CN2, DIP:PDIF-CN2, and 
PEN:PDIF-CN2, whereas PEN and PDIR-CN2 phase separate. 
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 A FTIR setup can be combined with a UV/Vis light source which will allow recording 
of changes in the IR spectra of molecules in their excited states. 

 The exciton diffusion length within domains of the mixed and pure phases can be 
determined by means of TRPL [284]. 

 The difference in the binding energies in the pristine and blended films can be quantified 
by thermal desorption spectroscopy [282]. 

 Based on the obtained structural data the corresponding solar cells can be produced in 
order to correlate the performance with the film morphology and composition. 

 PEN is known for singlet fission effect and its ability to generate two triplet excitons 
instead of one singlet exciton using a photon of the same energy [285,286]. Using an 
acceptor material with a properly matching energy gap one can study CT via triplet 
states.   

 Different aspects of nucleation and phase separation processes in two-component 
(D/A) systems and their influence on the resulting device performance have been 
analyzed theoretically [280]. One could experimentally compare the simulated results 
for real polymer/polymer, polymer/small molecule, small molecule/small molecule 
systems. The project will benefit from real-time synchrotron experiments.  
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APPENDIX   A 

Additional Information for Chapter 5 

Figure A.1 shows the full range q-map of the PDIF-CN2 at RT exhibiting a weak and broad 
scattering feature in the out-of-p  lane direction around 1.2 Å.  

The optical absorption spectra of PDIR-CN2 at 140 °C were fitted with a doubled 
number of Gaussians that confirms the suggested Davydov splitting of the molecular 
electronic states (Figure A.2). 

 
  

Figure A.1. Reciprocal space map of PDIF-CN2 at RT. The diffraction ring at 0.7 Å-1 is attributed to 
a kapton window. 

Figure A.2. Exemplary fit with Gaussians of the in-plane and out-of-plane components of the 
dielectric function of PDIR-CN2 at 140 °C in Figure 5.8a. Red and blue colors are used for the low 
and high energy Davydov components. 
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APPENDIX   B 

Additional Information for Chapter 6 

AFM images (1×1 μm) of the studied samples are shown in Figure B.1 with corresponding 
surface profiles. Clear molecular terraces are visible only for DIP. All mixtures reveal very 
smooth surfaces, although 1:1 is rougher than non-equimolar samples. 

 

Figure B.1. AFM images from Figure 6.1 with surface profiles. 
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GIXD spectra of heterostructures (Figure B.2) reveal only features of pristine materials. 

Figure B.3 shows photoluminescence transients recorded for pristine films of DIP and 
PDIR-CN2 and their blends at 2 temperatures. The corresponding 1/e-decay times were 
extracted by monoexponential fits and are plotted as a function of temperature in the insets. 

Figure B.2. GIXD scans of PHJ and SL. 

Figure B.3. Temperature dependent PL transients. Insets show lifetimes τ versus measurement 
temperature, τ of pristine DIP and PDIR-CN2 measured at 10 K Å exceed 12.5 ns and therefore are 
not shown in the plots. 



APPENDIX B  

 

109 
 

At low temperatures, the average decay time of the pristine films is very long (> 12.5 ns). 
Therefore, there is a signal contribution at negative delay times. CT-decay of 1:1 blend is 
faster at RT and slower at 10 K in comparison to PDIR-CN2-rich blends. No temperature 
dependence of the PL dynamics in the non-stoichiometric blends is observed. 

Ellipsometry fit result for mixed films is presented in Figure B.4. Both in-plane (Figure 
B.4a, similar to the optical absorption result) and out-of-plane (Figure B.4b) components 
of the extinction coefficient are consistent with the gradual structural transition from 
standing up-right DIP molecules to tilted PDIR-CN2 molecules through composition 
changes. CT bands at 1.4-2.0 eV are visible only for the in-plane component. 

  

Figure B.4. Extinction coefficient k evaluated from ellipsometry: (a) in-plane component (parallel 
to the sample surface) and (b) out-of-plane component (normal to the sample surface). 
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APPENDIX   C 

Additional Information for Chapter 7 

Figure C.1 contains PL spectra of DIP:PDIF-CN2 mixed films deposited at RT. Full 
quenching of the singlet exciton emission from the neat donor and acceptor moieties is 
observed not only for the 1:1 film but also for the non-equimolar mixing ratios. The finding 
together with the weakly ordered thin film structure with no visible phase separation 
(Figure 7.2b) demonstrates a high degree of intermixing supporting the corresponding 
sketch in Figure 8.3 (upper row). Even in the DIP-dominating film no pure crystalline DIP 
domains are preserved. 

 

  

Figure C.1. Photoluminescence spectra of DIP:PDIF-CN2 grown at RT recorded at 297 K (solid) 
and 77 K (dotted). All intensities are normalized to the donor. An intensity increase at 1.2 eV is a 
background due to the instrument limit. 
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LIST OF ABBREVIATIONS 

1(2,3)D One-(two-, three-)dimensional 
4T Quaterthiophene 
6T α-sexithiophene 
A Acceptor; active area 
A* Excited acceptor 
A- Ionized acceptor 
αc Critical angle 
C60 Fullerene 
D Donor 
D* Excited donor 
D+ Ionized acceptor 
d Thickness; lattice spacing 
dox Oxide thickness 
δ Charge degree 
(Δ)EA Acceptor energy gap 
(Δ)ECPX Splitting energy in charge transfer complex 
(Δ)ED Donor energy gap 
(Δ)EDA Energy gap between donor and acceptor energy levels 
ΔEH,H HOMO level offset 
(Δ)Eopt Optical gap 
ΔFmix Free energy of mixing 
ΔΦ Work function shift 
E Energy 
Eel Electronic energy 
EEXC Excitation energy 
En Nuclear energy 
Erot Rotational energy 
ECT Charge transfer state energy 
EStokes Stokes shift 
Evac Vacuum energy level 
Evib Vibrational energy 
ε Dielectric function 
η Solar cell efficiency 
I Intensity 
If,i Emission 
j-V Current density - voltage 
jsc Short circuit current 
K Scherrer´s constant 
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k Rate constant; wave vector; extinction coefficient  
kB Boltzmann constant 
L Quantum angular momentum vector 
LD Diffusion length 
ls Coherently scattering island size 
λ Wavelength 
λ0 Reorganization energy 
λ2 Huang-Rhys parameter 
μ Transition dipole moment 
N Number 
P Degree of polarization 
q Scattering vector; elementary charge 
qΔVOC Energy loss 
Qe Ground state nuclear coordinate 
Q'e Excited state nuclear coordinate 
R Reflectivity 
r Distance 
ρe Electron density 
S Spin; Huang-Rhys parameter 
S1..n Singlet states 
S01 Overlap integral 
σ Roughness 
σdark Electrical conductivity in dark 
σi Absorption 
σphoto Electrical conductivity under illumination 
σRMS Root mean square roughness 
T Temperature 
T1..n Triplet states 
Tsub Substrate temperature 
τ (Life)time 
V Transfer integral; volume 
VOC Open circuit voltage 
W Exciton bandwidth 
WAB Interaction Energy 
ω0 Nuclei reorganization energy 
x Concentration 
χ Interparticle interaction parameter 
ψ Wave function 
AFM Atomic force microscopy 
AOI Angle of incidence 
BCP Bathocuproine 
BHJ Bulk heterojunction 
CCD Charge-coupled device 
CS Charge separation 
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CT Charge transfer 
DBP Tetra-phenyldibenzoperiflanthene 
DFH-nTc Diperfluorohexylthiophene 
DFT Density functional theory 
DIP Diindenoperylene 
DRS Differential reflectance spectroscopy 
DS Davydov splitting 
EA Electron affinity 
EL Electroluminescence 
EMA Effective medium approximation 
F4-TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
F16CoPc Perfluorinated cobalt phthalocyanine 
FE Frenkel exciton 
FF Fill factor 
FTIR Fourier transform infrared 
FWHM Full width at half-maximum 
GIXD Grazing incidence X-ray diffraction 
GS Ground state  
HIL Hole injection layer 
HOMO Highest occupied molecular orbital 
HOPG Highly oriented pyrolytic graphite 
HT High temperature 
IC Internal conversion 
IE Ionization energy 
IPCE Incident photon-to-current efficiency 
IR Infrared 
ISC Intersystem Crossing 
ITO Indium tin oxide 
LCAO Linear combination of atomic orbitals 
LDC Lower Davydov component 
LUMO Lowest unoccupied molecular orbital 
ML Monolayer 
MO Molecular orbital 
NEXAFS Near-edge X-ray absorption fine structure 
NIR Near infrared 
NPD N,N’-bis(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine 
OFET Organic field-effect transistor 
(O)LED Light-emitting diode 
OMBD Organic molecular beam deposition 
OPV Organic photovoltaic 
OSC Organic semiconductor 
PDI Perylene diimide derivative 
PDI8-CN2 N,N′-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide) 
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PDIR-CN2 N,N′-bis-(2-ethylhexyl)-1,7-dicyanoperylene-3,4:9,10-
bis(dicarboxyimide) 

PDIF-CN2 N,N′-1H,1H-perfluorobutyl-dicyanoperylene-3,4:9,10-
bis(dicarboxyimide) 

PEN Pentacene 
PHJ Planar heterojunction 
PIC Picene 
PL Photoluminescence 
PM-HJ Planar-mixed heterojunction 
PTCDI-C8 N,N′-dioctyl-3,4,9,10-perylene tetracarboxylicdiimide 
QCM Quartz crystal microbalance 
RT Room temperature 
SL Superlattice 
SLD Scattering length density 
TDM Transition dipole moment 
TMP Tetramethoxypyrene 
TRPL Time-resolved photoluminescence 
UDC Upper Davydov component 
UHV Ultra-high vacuum 
UPS Ultraviolet photoelectron spectroscopy 
UV Ultraviolet 
VASE Variable angle spectroscopic ellipsometry 
VB Valence bond 
Vis Visible 
WF Work function 
XRD X-ray diffraction 
XRR X-ray reflectivity 
ZCl Zinc chlorodipyrrin 
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DEUTSCHE ZUSAMMENFASSUNG 

Diese Arbeit befasst sich mit der Untersuchung von binär gemischten molekularen 
Heterostrukturen auf der Basis kleiner organischer Halbleiter durch den Einsatz 
komplementärer, experimenteller Methoden. Dabei werden fundamentale Aspekte des 
Filmwachstums durch organische Molekularstrahlabscheidung - insbesondere das 
Mischungsverhalten der Moleküle, die  Nukleation und die zeitliche Entwicklung der 
Kristallphasen während des Filmwachstums, sowie strukturelle, morphologische, 
spektroskopische und elektronische Eigenschaften  - berücksichtigt. 

Als organische Halbleiter mit Anwendungsperspektive in der Photovoltaik wurden 
folgende  Materialien ausgewählt, um daraus vier verschiedene Donor/Akzeptor-Paare zu 
bilden: Diindenoperylen (DIP) und Pentacen (PEN) als Donatoren und 
Perylendiimidderivate (PDIs), PDIR-CN2 und PDIF-CN2 als Akzeptoren. Sowohl 
PDIR-CN2- als auch PDIF-CN2-Moleküle enthalten ein Perylendiimid-Gerüst, ähnlich der 
DIP-Struktur, sowie verschiedene Seitenketten, d.h. verzweigte Alkylketten und fluorierte 
lineare Ketten.  

Für die strukturelle Charakterisierung wurden oberflächenempfindliche 
Röntgenbeugungs-methoden sowohl in Echtzeit während des Filmwachstums als auch 
post-growth angewandt. Die morphologischen Eigenschaften der hergestellten Filme 
wurden mittels Rasterkraftmikroskopie analysiert. Die durch intermolekulare 
Wechselwirkungen bedingte Exziton-Phonon-Kopplung wurde mit optischen Methoden 
wie der spektroskopischen Ellipsometrie, der temperaturabhängigen Photolumineszenz 
(PL) und der differentiellen Reflexionsspektroskopie untersucht. Wie in Kapitel 5 
diskutiert, führt aufgrund der unterschiedlichen Elektronendichten der Seitenketten der 
Einfluss auf die intermolekulare Kopplung zu sehr unterschiedlichen strukturellen und 
optischen Eigenschaften in dünnen Filmen im Vergleich zu Monomeren. 

Die Fähigkeit der Moleküle, einen Ladungstransfer (CT)-Komplex zu bilden, wird in 
Kapitel 6 am Beispiel von DIP: PDIR-CN2 untersucht, wobei verschiedene 
Heterostrukturkonfigurationen verglichen werden. Die Bildung einer Mischphase mit 
einer bevorzugten π-π-Stapelung der Moleküle in dünnen Filmen, wurde mit XRD und 
Nahkanten-Röntgenabsorptionsfeinstruktur-Spektroskopie (NEXAFS) beobachtet. Das 
Auftreten eines partiellen Ladungstransfers (CT) im elektronischen Grundzustand wurde 
durch Infrarot- und Ultraviolett-Photoelektronen-spektroskopie in Mischungen gegenüber 
planaren Bi-(Mehrfach-) Schichten gezeigt. Die entsprechenden Solarzellen wurden 
hergestellt und vollständig charakterisiert, so dass ihre Effizienz  mit der 
Dünnschichtstruktur und den Eigenschaften des CT-Komplexes korreliert werden konnte. 
Für starke, im angeregten Zustand zu beobachtende CT-Übergänge, die durch optische 
Absorption, zeitaufgelöste PL, Elektrolumineszenz und Photonen-zu-Strom-Effizienz-
Messungen untersucht wurden, konnte deren anisotrope Natur nachgewiesen werden. 
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Der Vergleich zwischen den vier Donor/Akzeptor-Systemen wird in Kapitel 7 
vorgestellt. Die daraus resultierenden unterschiedlichen Mischungsszenarien als Funktion 
der intermolekularen Wechselwirkung und der Wachstumsbedingungen, sowie deren 
Einfluss auf die CT-Komplexbildung werden diskutiert. Es wird gezeigt, dass nur das 
aromatische Rückgrat der PDI-Akzeptormaterialien an diesem anisotropen und in 
Richtung der π-π-Stapelung orientiertem CT-Übergang beteiligt ist, während die 
Seitenketten nur die Umgebungseigenschaften beeinflussen. Ersetzt man DIP als Donator 
durch PEN, führt das aufgrund des unterschiedlichen aromatischen Systems zu einer 
entsprechenden Änderung der CT-Anregungsenergien. 

Die erhaltenen Ergebnisse sind nicht nur für das Verständnis grundlegender Aspekte 
intermolekularer Wechselwirkungen und Dünnschichteigenschaften von Bedeutung, 
sondern auch für die Anpassung der Funktionalität aktiver Schichten in organischen, 
photovoltaischen Bauelementen.
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