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Abstract 

Bulk heterojunction (BHJ) organic solar cells (OSCs) based on solution processable organic 

material have recently attracted much attention for being a very promising alternative to 

silicon solar cells. The demand for new, more efficient materials has always been one of the 

main concerns for the organic photovoltaic field. Recently, it was proposed to replace 

typical OSC materials, conjugated polymers, with organic small molecules (SMs). OSCs 

based on SM combine advantages of the polymer-based OSCs with such benefits of small 

molecules as better reproducibility and higher thermal stability. Moreover, because of small 

molecular weight, vacuum processing of SM-based OSCs is possible, which opens new 

possibilities for device engineering.  

 In a constant hunt for best-performing material, a lot of SMs with different chemical 

structures have been synthesized nowadays. However, alternating of chemical structure of 

the molecule may lead to unexpected changes of chemical and/or photophysical properties, 

like decreased charge production efficiency or enhanced recombination. This calls for 

extensive photophysical studies of each new material.  

In this Thesis, early-time photophysics of a novel push-pull small molecule 

TPA-2T-DCV-Me (TV38) are investigated with steady-state absorption spectroscopy and 

ultrafast photoinduced absorption (PIA) spectroscopy. To provide a direct connection with 

OSC operation, charge separation dynamics are investigated in solution-processes 

TV38:[70]PCBM BHJ and vacuum-deposited TV38/C60 layers.  

We found that in mixtures with [70]PCBM acceptor, TV38 acts as well-performing OSC 

donor material and provide sufficient amount of separated charges. Both intermolecular 

electron transfer from TV38 to [70]PCBM and hole transfer from [70]PCBM to TV38 

contribute to the separated charges with comparable fraction. However, the intramolecular 

exciton recombination in TV38 phase and/or recombination of intermolecular charge 

transfer states compete with charge separation process and lead to losses of charges. 

Overall, BHJ TV38:[70]PCBM  blends at the optimized ratio demonstrated that more than 

50% of initially generated charges are survived. If these charge lost channels can be 

suppressed by tuning the blend properties and/or the structure of the molecule, the 

capability and efficiency for producing long-lived charge will be highly improved.  

In layer-structured OSCs, high exciton diffusion distances are required to maximize the 

exciton harvesting. By employing PIA spectroscopy and analytical modeling, the exciton 

diffusion distance in vacuum-deposited TV38 is estimated as ~10 nm. This value is in line 

with the typical exciton diffusion distance in organic material but is much shorter than the 

light penetration depth in TV38, which is around 80 nm. This rather short exciton diffusion 

distance significantly limits the exciton harvesting efficiency in the layered structure 

TV38-based OSCs. Based on the fact that the diffusion distance for TV38 is short, BHJ 
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architecture seems to be more promising choice for device designing.  

In total, the TV38 molecule appears as a promising donor material for OSCs. The 

results presented in this Thesis provide valuable feedback for device engineers and suggest 

the ways of further OSCs optimization. The methods presented are universal and applicable 

for wide range of donor and acceptor materials, and therefore may be utilized for thorough 

photophysical studies of new photovoltaic compounds (polymers, small molecules and 

fullerene derivatives). 
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1. Chapter 1: Introduction 

General Introduction 

There is a rapidly growing demand for development of renewable and affordable energy 

sources. The demand stems from the contrast between the enormous energy consumption 

of Earth' inhabitants and the fact that the reserves of fossil fuel are rather limited.  

The Sun delivers its energy to the Earth in various forms, e.g. geothermal, tidal and 

radiation energy. Among those, solar energy is primarily referring to the radiation energy. 

The solar energy absorbed by the atmosphere of the Earth, oceans and land is 

approximately 3850000 exajoules annually [1]. To compare, there was more energy 

absorbed in one hour than the global human energy consumption in the whole year [2]. 

Despite the fact that only a half of the incoming solar energy reaches the Earth's surface 

after being absorbed and reflected by the atmosphere [3], it is still about as much as the 

energy we will ever get from all of the storage of the Earth's nonrenewable resources [4]. 

Therefore, energy consumption of human race can potentially be fully supported by solar 

energy.  

To the date, solar energy finally broke the 1% threshold to cover 1% of global 

electricity demand [5]. The main reason for such a low market share of OSCs is that the 

current market dominating product - polycrystalline silicon solar cells are relatively 

expensive if we take into consider the life time and energy consumed in producing , and 

having environmental unfriendly producing and slow to produce [6-8]. 

A great deal of scientific research of searching for high-efficient, photovoltaic material 

have been conducted by researchers all over the world [9, 10]. Amongst all the new 

materials, organic semiconductors attracted much focus in the past decades [10]. Attractive 

properties of organic materials like light weight, flexibility, solution-processability etc. allow 

them to be a promising candidate for alternative to conventional solar cells technology: 

organic solar cells (OSCs) [11, 12].  

All the charge generation processes in OSCs start from the initial dynamics , which 

occur at ultrafast timescales, including exciton diffusion, exciton dissociation, charge 

generation and recombination. Hence the initial dynamics are very important to investigate 

and interpret in order to design a material with sufficient initial charge generation. Also, by 

studying the ultrafast charge photogeneration processes (generally occur at sub-ns 

timescales) one is able to provide optimization guidelines for improving the overall OSC 

efficiency.  In this thesis, the photophysical properties of a new organic photovoltaic 

material on an ultra-fast time scale are investigated, and the ultra-fast charge generation, 
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transfer and recombination via inter/intra-molecular channels are identified.  

In this introductory chapter, some important concepts regarding the OSCs 

photophysics and ultra-fast time resolved spectroscopy are introduced. 

1.1 Working Principle of Organic Solar cells 

1.1.1 Conjugated molecules 

The photovoltaic applicable organic semiconductors are so-called conjugated organic 

molecules. Conjugated molecules are molecules that are characterized by a backbone chain 

of alternating double- and single-bonds (Figure 1.1a). Their overlapping p-orbitals create a 

system which leads to the delocalization of π-electrons along the conjugation chain hence 

gaining conductivity, optical absorption and a band structure that is similar to inorganic 

semiconductors [13-15] (Figure 1.1b). The pz orbitals in such system delocalize and form a 

bonding π orbital and an anti-bonding π*orbital. All the delocalized π orbitals form the 

highest occupied molecular orbital (HOMO) and the π* orbital is the lowest unoccupied 

molecular orbital (LUMO). In an organic semiconducting system, HOMO is analog of the 

valence band and the LUMO on the other hand plays the role of conduction band. The 

energy offset between LUMO and HOMO is regarded as the band gap of organic 

semiconducting materials [16]. A simplest example of conjugated molecule can be organic 

molecule like benzene, fullerenes or carbon nanotubes.  

   

Figure 1.1 a) A structural diagram of trans-polyacetylene with a long chain of carbon atoms 

with alternating single and double bonds between them forming the conjugation [17]. b) 

Schematic illustration of a conjugated chain. Carbon atoms are shown by yellow circles; solid 

lines represent single and double bonds while overlapping -orbitals are shown by blue-red 

eights. 
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In the year 2000, the importance of the organic semiconductors was highlighted by 

awarding the Noble Prize in chemistry to Alan J. Heeger, et. al., "for the discovery and 

development of conductive polymers" [18, 19]. 

1.2 Charge generation in organic solar cells 

The idea of solar cells is to convert light into electricity, and the converting process in a 

conventional inorganic solar cell can be briefly described in the following: upon  photo 

excitation of the material in the active layer, free electrons and holes are generated because 

of a high dielectric constant of the inorganic material. These electrons are excited from 

HOMO levels to the LUMO levels creating holes on the HOMO levels forming bounded 

electron-hole pairs. However these bounded electron-hole pairs can be easily separated 

almost immediately in, e.g. silicon. Then the generated charges are collected at the 

electrodes and produce photocurrent. However, this is not the case for organic materials. 

Because of a relatively low dielectric constant of organic materials (typically 3-4) [20], not 

free charges are formed but highly bound electron-hole pairs (Frenkel excitons) with 

binding energy of ~0.3 eV are created instead [21]. Obviously, this value is much higher 

than the thermal energy under a room temperature (~26 meV for 300K). Hence, in order to 

dissociate the bounded excitons, extra efforts should be provided by the system. For this 

reason, energy gradient concept as a very simple yet efficient way to achieve this goal was 

introduced. Energy gradient can be provided at the interface between donor-type and 

acceptor-type materials which possessing different work functions (LUMO levels, Figure 

1.2)[22]. These energy gradients are large enough to split the excitons [23] and therefore 

have become the main exciton dissociation method in OSCs. The structure which provides 

such kind of gradient is called heterojunction. A simplest heterojunction is a bilayer of 

donor and acceptor materials (planar heterojunction, Figure 1.3a) 

 

 

Figure 1.2 Simplified energy band diagram of donor/acceptor blend with photoexcitations 

(yellow lightning spark), excitons (dashed circles), electron transfer (green arrow) and hole 

transfer (red arrow). 
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The charges in organic solar cells can be generated by exciton splitting both from 

donor phase and acceptor phase. The exciton generated in the donor-type material can be 

split via electron transfer (ET) to the LUMO level of electron acceptor material [24]. The 

time scale of ET process is normally in the sub-picosecond range [24]. An example is the 

extremely high efficiency ET observed in MDMO-PPV/PCBM featuring a less than 50 fs 

transfer duration [25]. On the other hand, acceptor materials, normally C70 fullerenes and 

their soluble derivatives, also have significant absorptions in the visible region [26, 27] of 

the solar spectrum, especially in the blue [28]. The optical excitation of acceptor materials 

also leads to the formation of excitons, which are similar to the donor excitation. Excitons 

formed in the acceptor phase can be dissociated via hole transfer (HT) process [29-31]. 

Therefore the process is essentially driven by the energy gradient of donor/acceptor 

HOMO-HOMO energy levels. 

In the heterojunction systems, the excitons are generated within the bulk of donor 

(acceptor) materials and have to diffuse to the interface to dissociate. Since the excitons in 

organic materials have finite lifetime (typically hundreds of ps), and the diffusion coefficient 

is rather low (D~10-4 cm2/s), the exciton diffusion distances are usually around 10 nm [32, 

33]. If the exciton is generated far away (>10 nm) from the interface it will simply go to 

triplet state or recombine via radioactive or nonradioactive pathways not contributing to 

the separated charges. Therefore, the exciton diffusion length limits the thickness of the 

donor and acceptor layers in planar heterojunctions to ~10 nm [34]. On the other hand, to 

optimize the photon harvesting, the layer thickness should be comparable to the light 

penetration depth, which is typically a hundred of nm in organic materials [35]. Because of 

this contradiction, the first planar heterojunction solar cell which was introduced by Tang in 

1986 [9] (Figure 1.3a), demonstrated limited efficiency of 1%.  

1.3 BHJ concept 

 

Figure 1.3 Schematic illustration of structure of organic solar cell systems. a) bi-layer 

structure, b) columnar structure, c) bulk heterojunction structure with a reflective 

electrode 
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The contradiction between exciton diffusion and photon harvesting distances limits the 

efficiency and thus commercial attraction of OSCs. One approach to solve this problem is to 

enlarge the interfacial area while keeping the capability of excitons to reach the interface 

(i.e. to create fine separation between donor and acceptor phases). An outstanding idea 

was to make a vertical columnar structure that as depicted in Figure 1.3b [10]. 

In such a structure, by introducing a interpenetrating of donor and acceptor material, 

both of the criteria (sufficient thickness for photon harvesting and fine phase separation for 

exciton harvesting) are fulfilled. The columns with no more than 20 nm width [36] allow 

excitons to reach the interface easily while the large vertical layer thickness ensures high 

light harvesting efficiency. However the feasibility to build such a fine architecture with 

organic material is rather limited since the assembling of organic material is relatively hard 

to control [10]. To fabricate this structure with organic material will enormously increase 

the cost [10], which would dramatically decrease the commercial interest in OSCs [10]. 

This problem was triumphantly solved by Yu et al. in 1995 by introducing the bulk 

heterojunction (BHJ) concept [22] (Figure 1.3c). In the BHJ, the electron donor and acceptor 

materials are blended and intermixed in a film with a phase separation scale of few 

nanometers [37, 38]. The contradiction between light penetration depth and exciton 

diffusion length is now solved automatically during the self-assembling of BHJ, which 

thickness can be increased without affecting the phase separation scale. However, since 

BHJ is a self-assembled system the possibilities to precisely control the structure of the 

blend are very limited. Therefore, a lot of optimizations on the trial-and-error basis are 

involved in developing novel BHJ devices. For example, the simplest way to tune the blend 

structure is to vary the relative amount of donor and acceptor materials in the blend. But in 

fact, there are still a lot of more advanced approaches in device engineering to achieve the 

desirable film morphology, i.e. additives, annealing, cast techniques etc. [10]. All in all, the 

ultimate goal for designing such a device is to obtain a unity efficiency of exciton generation, 

dissociation and charge collection [10].  

1.5 Push-Pull Approach 

One of the most important factors that determines the overall efficiency is the sun light 

absorption efficiency of the OSCs. This can be done by broadening of the absorption 

spectrum to cover as much as possible of the solar spectrum and by shifting the absorption 

center to the red to match the solar spectrum hence to obtain the best absorption. For 

seeking the material that has better absorption property ,a lot of novel materials have been 

introduced in the past decade [39, 40]. Amongst all the material designing approach, a 

revolutionary designing approach catches our attention, that is the push-pull approach 

(Figure 1.4a) which was applied to shift the absorption spectrum of the organic material to 
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the red by reducing the band gap(Figure 1.4b)[41].  

In push pull materials, electron-rich units (e.g. triphenylamine or carbazole [42]) are 

combined with electron-lacking unit (e.g. benzothiadiazole or dicyanovinylene [42]) forming 

electron donor and acceptor sections. The donor and acceptor units are connected with a 

conjugated π-bridge (e.g. thienyl, vinyl, or phenyl moieties). The application of this 

architecture lead to the most promising property--the reduced band gap , which  could 

give a red-shifted absorption and increased light harvesting efficiency. By manipulating the 

donor and acceptor moieties, the band gap can be controlled [43-46], which gives a lot of 

opportunities in material engineering. 

 

 

Figure 1.4 (a) Schematic representation of a small molecule with electron donor moiety and 

acceptor moiety. (b) Schematic of energy levels of the separated moieties (red and green) 

and the conjugated small molecule (blue). Because of intra-molecular interactions, the 

actual band gap of the whole system is reduced. 

 

A perspective class of donor material possessing a push-pull character is small 

molecules. This type of material has been of high interest since recently because of several 

very attractive properties. Like semiconducting polymers, small molecules have the 

semiconducting behavior due to the delocalization of the π−π electron system[47, 48]. 

Secondly, as mentioned above, with a push-pull structure they have a notably high 

absorption coefficients and a red shifted absorption band in the solar radiation spectrum 

[49-51]. The outstanding property of small molecule, however, is that they are more stable 

compare to polymer. Small size means relatively easy to synthesis, therefore allowing for 

batch-to-batch reproduce stability, which potentially reduces the cost of the industrial 

production. To the date, a 13% efficiency has been obtained with a two-dimensional 

conjugated small molecule (SMPV1)[52].  

1.6 Photoinduced absorption 

As mentioned above, all the charge generation processes in OSCs start from the initial 
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ultrafast dynamics, If no enough charge are generated in the very beginning, then no 

overall efficiency can be achieved at all, therefore it is very important to study the initial 

steps of charge generation on the organic material. A good way to investigate these 

processes is by using time-resolved photoinduced absorption technique. 

It is well known that charge doping of organic systems leads to local distortions of 

molecules and redistributions of charge densities [53]. The coupled charge and local 

distortions are known as polarons. Polarons are able to propagate along the conjugated 

chain [54] and eventually contribute to the OSC photocurrent. Due to the 

polaron-introduced local distortions of the conjugated molecule, the modification of the 

energy levels occurs. After photoexcitation, an electron is excited from HOMO level to the 

LUMO level and transferred to the acceptor phase, leaving a vacation (hole) on the HOMO 

level. Now the HOMO level is singly occupied, which can be regard as a surplus positive 

charge on the donor phase. These surplus positive charges on the donor phase will 

intervene the donor electronic structure and introduce an additional absorption band, 

which has the absorption that normally located in the near and middle infra-red regions [56] 

in the IR region [55, 56] (Figure 1.5). These absorption bands are called high-energy (HE) 

and low-energy (LE) polaron absorption bands (Figure 1.5). Since these absorption bands 

are intrigued by the initial photoexcitation, therefore the polaron absorption is also referred 

as photoinduced absorption (PIA). PIA spectroscopy is the technique widely used in 

studying charge dynamics processes. Normally the samples are first excited with an optical 

pump pulse, and then the PIA is detected with a subsequently following probing pulse (see 

Time-resolved spectroscopy section for details). 

 

 

Figure 1.5  Pictorial sketch of the energy levels of a molecule in neutral state and in 

charged state. Balls with ‘minus’ and ‘plus’ signs stand for electrons and hole respectively. 

HE and LE represent high energy polaron absorption and low energy polaron absorption. 

Pump is normally optical excitation. The former HOMO level becomes lowest singly 

occupied level (SOMO). 

 

Even though the charges can be tracked both in HE and LE polaron bands, LE band 



 

8 
 

have a number of advantages over the HE band. First, it offers contamination free and 

background free detection of photoinduced absorptions. There is barely observed 

overlapping between LE band and stimulated emission, triplet-sate excitation or ground 

state bleaching [57], which are often found overlapping with HE absorptions. Second, LE 

absorption usually does not overlap with any ground-state vibrational absorptions. Another 

feature makes polaron absorption band a very promising candidate for PIA detection is that 

the polarization orientation of LE transition dipole moment is strongly correlated with the 

polarization of charge dipole moment induced by exciting optical pump [58]. With time, 

due to charge redistribution in the donor phase, the orientation of initial pump-induced 

dipole moments should be disturbed and all the memory of polarization will be lost 

eventually. Since the LE transition dipole moment is correlated with this pump-induced 

polarization, charge transfer dynamics can be tracked by the polarization-sensitive 

photoinduced absorption spectroscopy, which also works as supplementary information for 

the isotropy (population) measurements. 

 

1.7 Photoinduced Absorption Spectrum 

Time-resolved spectroscopy is a technique specialized in detecting materials in 

non-equilibrium states. By tracking the evolution (dynamics) of photoinduced 

non-equilibrium states, time-resolved spectroscopy is able to provide information of how 

the material "talk to", or interact with its neighboring environment on a micro scale, and by 

studying non-equilibrium states, one can obtain more insights of equilibrium states.   

One of the most widely used time-resolved measurements is optical pump-probe 

technique [42]. In such measurements, the sample is first optically excited into a 

non-equilibrium state, and then the following evolution towards equilibrium state is tracked 

with a time-delayed optical probe. The optical pump and probe are generally ultra-fast laser 

pulses.  

In case of OSCs, the non-equilibrium state is the collection of photoinduced states like 

excitons or polarons (charges), so that they can be detected optically by exciton or polaron 

absorption. The probe signal is obtained by measuring of the intensity differences of 

transmitted probe pulses. When the sample is excited, extra absorption bands are created 

as described above, and therefore the intensity of transmitted probe pulse is reduced 

compare to the intensity measured in ground state. In the simplest case, the polarization of 

the probe pulse is rotated by 54.7° (“the magic angle”) [59] with respect to the excitation 

pulse. In this case, the amount of intensity reduction, which is recorded as ∆Tiso, is actually 

proportional to the population of the photoinduced species: 

                                          ∆Tiso ∝ N(t)                                                                      (1)   



 

9 
 

 

 The decay of signal amplitude inherently reflects the temporal evolution of the 

photoexcited species.  

   

 

Figure 1.6  Schematic illustration of the PIA experiment: blue and red arrows represent 

optical excitation (pump) and time-delayed detection (probe), overlapping on the sample; 

transmission of probe light, which is split into parallel to the excitation and perpendicular 

to the excitation components are detected separately. ΔT stands for relative transmission 

change of the probe, which is proportional to photoinduced charge concentration. 

 

The measurement of depolarization can also be a powerful tool in studying OSCs. To 

obtain the depolarization dynamics, time-resolved photoinduced anisotropy can be tracked. 

In this case, the components of PIA signal parallel and perpendicular to the polarization of 

the excitation pulse are recorded independently (Figure 1.6).  The isotropic (population) 

signal and photoinduced anisotropy are recalculated from parallel and perpendicular 

components of the signal as [59]: 

      ∆Tiso(t) =
ΔT∥(t)+2×ΔT⊥(t)

3
                          (2) 

r(t) =
ΔT∥(t)−ΔT⊥(t)

3×ΔTiso
                             (3) 

In organic systems, rotation of the photoinduced transition dipole moments due to the 

exciton/charge migration and isotropic hole transfer process are common reasons for signal 

depolarization. In anisotropy measurements, this depolarization can be readily resolved 

thus revealing information about charge migration. The rate of depolarization depends on 

the intra-/inter-molecular interactions therefore very helpful to distinguish these processes. 
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1.8 Motivation and Goals 

Good donor material with properties such as easy synthesis, strong and broadband 

absorption, and high conductivity is always in demand. One approach for donor material 

design discussed above is the so-called push-pull approach. Previously, the symmetrical star 

shaped small push-pull molecule N(Ph-2T-DCV-Me)3(2T) was thoroughly investigated, and 

the OSCs with efficiency close to 6% have been fabricated [60, 61]. Intriguingly, the 

synthesis of 2T molecule can be even further simplified [62] by eliminating the tree-arm 

molecule arrangement. This results in new small molecule TPA-2T-DCV-Me (called TV38 

further on) with the broken molecular symmetry (Figure 1.7). The molecule was synthetized 

by the group of prof. S. Ponomarenko in the Institute for Synthetic Polymer Materials of the 

Russian Academy of Science, Moscow, Russia [60]. The new asymmetrical molecule TV38 is 

more promising for having potentially large volume productivity due to the simplified 

synthesis, which is directly equivalent to high proficiency. Also because of a small size, TV38 

is able to withstand both vacuum-deposit processing and solution processing.  

 

 

Figure 1.7 Chemical structure of TV38 molecule. Yellow lightning stands for optical 

excitation. Blue arrow indicates electron transfer from intramolecular electron donor unit 

(blue) to intramolecular acceptor unit (red). 

 

If there is no enough charges are generated in the very beginning at the ultra-fast time 

scale, then no overall efficiency can be achieved at all, thus the initial charge dynamics 

largely determine the overall efficiency of OSCs. Therefore it is very important to 

understand the photophysical properties of the particular organic donor material on an 

ultra-fast time scale. Therefore, detailed knowledge of competing charge generation and 

charge and (or) exciton recombination channels is required for both arrangements 

proposed. 

In BHJ systems, the generation of separated charges is largely determined by the 

particular blend composition. At the optimal donor: acceptor ratio, the exciton dissociation 

efficiency is maximized, while the impact of loss channels is minimized. The goals of chapter 

top
高亮
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2 of this thesis are: i) to determine the charge generation and recombination pathways in 

BHJs based on TV38; and ii) based on efficiency long-lived charge generation, estimate the 

optimal blend composition for BHJ OSC based on TV38.  

In vacuum-deposited planar heterojunction OSCs, the efficiency is mainly determined 

by the interplay between light penetration depth of the absorber and the exciton diffusion 

length in it. The goal of the chapter 3 of this thesis is to measure the exciton diffusion 

length in vacuum-deposited TV38 layer and compare it with the light penetration depth to 

estimate the perspectives of TV38-based layered solar cells.    

To achieve the goals, ultrafast time resolved spectroscopy was employed.  

The optimal blend ratio of TV38:[70]PCBM of 1:4 was found in the BHJ samples. With 

this optimized blend ratio, more than 50% of initially generated charges are survived within 

our experimental time window. The main loss channel on the ultra-fast time scale is the 

intramolecular recombination. In this regard, the presumable way of largely increase the 

efficiency of this OSC system is to suppress this loss channel. 

The exciton diffusion distance was estimated to be around 10 nm in the TV38 phase, 

which is rather short compare to the light penetration depth in the TV38( around 80 nm). 

The efficiency of bilayer structure OSC base on TV38 will be significantly limited by the 

short exciton diffusion distance. In this respect, the BHJ structure is most suitable for device 

engineering. 

In total, the small molecule appears as a promising donor material for OSCs. The 

results presented in this Thesis provide a detailed perspective into the key factors that 

determine the efficiency of the OSCs and valuable feedbacks for device engineers 

suggesting the ways of further OSCs optimization.  

The methods presented are universal and applicable for wide range of donor and 

acceptor materials, and therefore may be utilized for thorough photophysical studies of 

new photovoltaic compounds (polymers, small molecules and fullerene derivatives). 
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2. Chapter 2: Charge Dynamics in 

TV38-based Bulk Heterojunctions 

This chapter provides the investigation of bulk heterojunction thin films based on TV38: 

[70]PCBM. Main charge generation and recombination channels are determined as well as the 

optimized blend ratio. Experimental details and sample preparation is also included. 

2.1 Introduction 

Solution-processable bulk heterojunction (BHJ) organic solar cells (OSC) have recently 

attracted much attention as perspective photovoltaic devices which combine 

semiconducting behavior with benefits of organic materials [51, 63-67]. A typical organic 

BHJ solar cell consists of a phase-separated mixture of conjugated polymer as electron 

donor material and the fullerene derivative phenyl-C60-butyric acid methyl ester (PCBM) or 

phenyl-C70-butyric acid methyl ester ([70]PCBM) with higher absorption coefficient, 

electron mobility and hole-transfer efficiency [42, 68, 69]. However, it was recently revealed 

that the polymers in OSCs can be replaced with small molecules (SMs) [49, 70-72]. 

SMs-based OSCs combine advantages of polymer OSCs like flexibility, solution processability, 

etc., while they also have their own benefits, for example, high purity, batch-to-batch 

reproducibility, well-defined molecular structure and molecular weight and easy mass-scale 

production [20, 48, 73, 74]. 

Recently it was shown that star-shaped architecture of SMs with triphenylamine (TPA) 

donor core and dicyanovinyl (DCV) acceptor end groups leads to improved solubility, better 

layer-to-layer stacking in film and increased number of pathways for the light conversion 

[23, 75].  It was demonstrated that these star-shaped molecules (SSMs) exhibit fascinating 

photophysical properties even at ultrafast timescales [23]. For example, it was shown that 

fast depolarization of the degenerated excited state [76] occurs at ultrafast picosecond 

timescale, which is followed by efficient intramolecular charge recombination [23]. This 

unusual behavior can be attributed both to the high symmetry of the molecule and to the 

particular molecular structure and donor/acceptor units used [23, 47]. 

To simplify the synthesis procedure and to achieved higher molecular thermal stability, 

and also, to exclude the effects of molecular symmetry, new molecule TPA-2T-DCV-Me 

(TV38), was synthetized (Figure 2.1a), which is a non-symmetrical analogue of the 

N(Ph-2T-DCV-Me)3 (T2) molecule (Figure 2.1b). In this molecule, the symmetry is broken, 

and effects like orbital mixing and interactions of arms via shared donor core are eliminated. 

The direct comparison of photophysical properties of TV38 and T2 molecules allow us to 

separate the symmetry- and structure-related effects.  
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In this study, ultrafast dynamics of charge separation and recombination processes 

were investigated in BHJ thin films based on TV38 with [70]PCBM acceptor (Figure 2.1c) and 

in TV38 molecules diluted in PMMA matrix. Energy offsets between the TV38 and 

[70]PCBM energy levels allows both efficient electron transfer from TV38 to [70]PCBM and 

hole transfer from [70]PCBM to TV38 molecule (Figure 2.1d), and contribution of both 

processes to charge separation was studied. Time-resolved polarization-sensitive 

visible-pump IR-probe photoinduced absorption (PIA) spectroscopy was employed to 

demonstrate the early-time (<2ns) exciton and charge dynamics with femtosecond time 

resolution.  

From the PIA experiments, it was demonstrated that intramolecular dynamics of TV38 

molecule is very similar with the ones in a symmetric T2 molecule, and therefore is likely 

attributed to the donor-acceptor combination used. In contrast, ultrafast polarization roots 

from particular structure of the molecule: in the T2-based films it is both due to charge 

redistribution and molecular packing while in the TV38-based films only packing plays 

important role. Finally, it was demonstrated that the TV38-based blends are mostly 

fullerene-driven due to, most probably, largely blue-shifted blend absorption of [70]PCBM 

(480 nm and 390 nm) when compare to the neat TV38 absorption (520 nm), and blends 

provide up to 60% percent of long-lived charges at the optimal TV38:[70]PCBM ratio.  

 

Figure 2.1. Chemical structures of TV38 (a) and T2 (b) small molecular donors and 

[70]PCBM (c) electron acceptor. (d) Frontier energy levels of TV38 and [70]PCBM. The 

processes of electron and hole transfer depicted by arrows. 
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2.2 Absorption Spectra 

2.2.1 UV-VIS absorption 
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Figure 2.2. Absorption spectra of all blended films with different TV38:[70]PCBM weight 

ratios (indicated). 

 

Linear absorption spectra of the blends studies are shown in Figure 2.2. Neat TV38 film 

exhibit two prominent absorption peaks located at ～365 nm and ～519 nm. Similarly 

with the T2 SSM [23], the strong peak at 519 nm is assigned to intramolecular charge 

transfer [23, 76, 77], while the blue peak at 365 nm can be ascribed to the excitation of 

conjugated backbone as well as the combination of these two above effects [76]. Note that 

intermolecular interactions in the solid film also affect the absorption peak position and 

red-shift the absorption spectrum (SI 2). 

In the blends, both amplitude and position of the green peak at 519 nm changes with 

increasing of [70]PCBM concentration. This is due to the fact that [70]PCBM has a different 

absorption with first maximum located at around 475 nm, and absorbs much less at 519 nm 

in comparison with TV38. Therefore, in blends with high [70]PCBM concentration, the peak 

is blue-shifted due to the high contribution of [70]PCBM absorption. In the later PIA 

measurements, pump wavelength was set at the TV38 absorption maximum of 519 nm. 

In the region of 630 nm-720 nm, the TV38:[70]PCBM blends demonstrate prominent 

absorption shoulder even though the neat TV38 and [70]PCBM films are almost transparent 

in this region (Figure 2.2). This indicates that the origin of this growth in absorption cannot 

be simply assigned to a linear combination of TV38 and [70]PCBM absorption. To 
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demonstrate this effect directly, a tentative linear decomposition of the blend spectra to 

TV38 and [70]PCBM contribution was performed (SI 1). 

Indeed, the blend absorption spectra cannot be fully reconstructed as linear 

composition of TV38 and [70]PCBM spectra. In the measured spectra, red shifts can clearly 

be seen compared to the linear decomposition. This indicates the possible formation of 

ground-state charge-transfer complexes (CTCs) between TV38 and [70]PCBM phase which 

leads to the decreased band gap and thus to the red shifted absorption [78].  

The low-energy absorption band of TV38 is blue-shifted as compared to the star 

shaped molecule T2 [23]. To be more specific, the absorption maximum of TV38 locates at 

519 nm while for star shaped molecule it locates at 530 nm. The reason could be that in a 

conjugated system the band gap decreases with increasing of the conjugation length. In 

principle, the nitrogen atom in the center of TPA core breaks the conjugation between the 

arms in the SSM. However if the nitrogen allows for partial conjugation, the effective 

conjugation length in SSM would be increased compared to TV38, therefore leading to a 

red-shifted absorption [23]. Moreover, the particular configuration of the conjugated arms 

(e.g. the floppiness of the arms) affects the interaction between donor core and each 

acceptor section, which also could lead to variations in absorption. 

2.2.2 Photoinduced Infrared absorption 

In order to investigate charge separation dynamics, IR photoinduced absorption (PIA) has 

been employed. In a conjugated molecule, photogenerated charges create an additional 

absorption band in the near IR region (the so-called polaron absorption band), and this 

absorption is proportional to the population of the photogenerated charges [23, 56]. 

Therefore, by studying the temporal evolution of polaron absorption, the dynamics of 

photogenerated charges can easily be tracked. One of the most efficient methods to 

investigate this multi-step dynamic process is pump-probe arrangement. 

In conjugated polymers, the near-IR absorption bands are normally located at 1μm～

3μm. The so-called “high-energy polaron absorption band” is located around 1μm, and the 

low-energy polaron absorption band is placed around 3μm [79]. However, due to the 

shorter conjugated length of small molecules compared to conjugated polymers, the 

low-energy band is supposed to be different, and it was indeed observed to be 1.6 m for 

the star shaped molecule T2 [23].  
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Figure 2.3 PIA spectra of the 1:1 TV38:[70]PCBM blend at different delays. Symbols 

represent experimental data, solid lines are the fits of experimental data with Gaussian 

functions. Fitting parameters are indicated next to the curves. Excitation and probe 

wavelengths were set at 520 nm and 1.3 m, respectively 

 

Figure 2.3 shows the photoinduced IR absorption spectra of the 1:1 TV38:[70]PCBM 

blend at different pump-probe delays. The spectra are reconstructed from the transients 

that were measured at different probe wavelengths. The photoinduced absorption peak is 

located around 1.3 μm. Note that the red-shift of about 0.02 eV occurs within the fist 10 ps. 

Similar behavior was observed in the spectrum of charge-transfer (CT) excitons in pristine 

film of TV38 as shown in SI 5. A clear and persistent blue shift and narrowing of the 

CT-exciton spectrum exists through the whole experimental time window (~2 ns) due to e.g. 

transient polarisability of the environment. The dynamical changes of the polaron spectrum 

of the blend are due to the residual signal of CT excitons, which are likely split by 10 ps, 

where the spectrum is stabilized. Since the spectral dynamics are very minor in blended 

films, single probe wavelength was set at the polaron absorption maximum of 1.3 m. 

If we assume that the only difference between TV38 and star shaped molecule is that 

the latter has three arms and TV38 has only one, and each arm has exactly the same 

conjugated length, this will result in a similar band gap and a similar polaron absorption. 

Surprisingly, this is in sharp contrast with experimentally observed polaron peak for TV38, 

which is blue shifted compared to the polaron peak of T2 molecule located at 1.6 μm [23]. 

This can be intuitively understood as discussed previously in the “Visible Absorption” 

section. In the star shaped molecule, conjugation between two arms is actually not fully 

broken by the nitrogen atom in the center core of TPA, interactions between adjacent arms 

via the nitrogen atom can thus lead to a longer over all conjugated length than that of TV38 
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molecule, and eventually give a red shifted absorption. The other possible explanation of 

the blue-shift of the polaron spectrum is different interactions of the donor core with the 

acceptor end group(s). The TV38 molecule consist of one donor core and one DCV acceptor 

unit, while in T2 the core unit is shared among three acceptor and groups. Since the 

polaron absorption is very sensitive to the combination of donor and acceptor groups [60], 

this effect can lead to the substantial changes in the polaron peak position. 

2.3 Photoinduced Absorption Dynamics 

Figure 2.4 shows the PIA isotropic transients of TV38 with different fullerene loadings. The 

amplitude of the PIA signal is proportional to the concentration of charges in the blends 

and the absorption cross-section. The transients were normalized by the film absorption to 

obtain the relative value of generated charge per absorbed photon. The maximal amplitude 

amongst the transients was assigned to the unity charge yield. To allow quantified study, all 

transient dynamics were fitted with the following multi-exponential function                

 ∆Tiso = A0 + A1 exp (−
t

τ
1

) + A2 exp (−
t

τ
2

) + A3 (1 − exp (−
t

τ
3

))               (4)  

Convoluted with a Gaussian apparatus function with standard deviation of σ ≈ 100 fs. In 

the function, Ai represents the amplitude of the decay component with a lifetime τ𝑖 

while A0 stands for the offset at the end of the transients. All fitting parameters are listed 

in Table 1. 

Table 1 Fit parameters (equation (1)) for pristine film and blends with [70]PCBM 

blends Offset A0 A1 1[ns] A2 2[ns] A3 3[ns] ∑ Ai 

pristine 0.32+/-0.09 0.12+/-0.01 136+/-8 0.32+/-0.02 1.2+/-1 - - 0.67+/-0.12 

3:1 0.36+/-0.1 0.07+/-0.01 101+/-20 0.29+/-0.03 0.5+/-0.1 - - 0.73+/-0.14 

1:1 0.28+/-0.02 - - 0.31+/-0.03 0.7+/-0.1 0.12+/-0.05 2+/-0.3 0.0.81+/-0.1 

1:2 0.29+/-0.11 - - 0.37+/-0.05 0.4+/-0.1 0.2+/-0.03 2+/-2 0.85+/-0.19 

1:4 0.29+/-0.08 - - 0.42+/-0.09 0.5+/-0.1 0.28+/-0.02 6+/-1 1+/-0.18 

1:10 0.07+/-0.02   0.15+/-0.03 0.6+/-0.1 0.2+/-0.06 10+/-1 0.36+/-0.11 

1:20 0.05+/-0.02   0.2+/-0.02 0.5+/-0.1 0.24+/-0.1 56+/-1 0.5+/-0.14 

 

     For all films, the pump-probe signals build up within the experimental resolution of 

100 fs around zero pump-probe delay. This is due to the ultrafast formation of CT excitons 

in the TV38 phase and/or instantaneous splitting of the interfacial excitons in blended films 

[31, 80]. 

Transients of neat sample and 3:1 blend demonstrate a fast decay component (A1) in 

sub-ns timescale (1), indicating that a certain amount of photogenerated exciton and/or 

charges are recombined. By assumption, these recombination channels could be either 
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intra- or intermolecular recombination of CT excitons and/or charges or back electron 

transfer from [70]PCBM to TV38 in the BHJ samples. However, these decay components are 

diminishing at high [70]PCBM loadings and presenting in neat TV38 film; this allows us to 

rule out the possibility of back transfer from [70]PCBM to TV38. Meanwhile, similar decay 

component was not found in the well-separated TV38 molecules in PMMA matrix (Fig. SI5) 

[81] where intermolecular interactions are negligibly low. Therefore, we can attribute this 

decay to intermolecular recombination of charges that were initially separated between 

neighboring molecules. Similar recombination channel was previously observed in 

SSM-based blends as well [23].  
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Figure 2.4 Isotropy transients for TV38:[70]PCBM blends at different [70]PCBM 

concentrations. Circles represent the experimental data points and solid lines stands for 

best fits according to Equation(1), all transients are normalized to the number of absorbed 

photons. Excitation and probe wavelengths were set at 520 nm and 1.3 m, respectively 

 

Note that the decay component (A1) in the sub-ns time scale diminishes with the 

increasing concentration of [70]PCBM, i.e. the intermolecular recombination channel is less 

efficient in blends with [70]PCBM. The reason could be two fold, one is that heavier load of 

[70]PCBM content results in an similar effect as performed by PMMA matrix as talked 

above, the TV38 molecules are surrounded by [70]PCBM molecules and therefore very well 
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separated, which leads to a decrease of intermolecular recombination. The other reason is 

that a relatively large amount of generated exciton are immediately disassociated onto 

TV38/[70]PCBM interface after the pump pulse, thus can hardly transfer back and 

recombine with each other eventually. Note that the latter explanation seems to be more 

relevant in the blended films due to the comparable fraction of the TV38 and [70]PCBM 

molecules in the blend. 

Another striking feature is that the initial decay is replaced by a growing component 

when the [70]PCBM concentration exceeds 1:1 with a time scale of ~2 ps for 1:1 and 1:2 

blends, 6 ps for 1:4 blend and 10 ps for 1:10 blend and around 60 ps for 1:20 blend. 

Moreover, its amplitude and time increase with increasing concentration of [70]PCBM. 

From the decomposition of visible absorption it is clear that the share of [70]PCBM 

absorption increases with the concentration (SI 1). Therefore it is reasonable to attribute 

this growth to the diffusion-delayed hole-transfer process [31]. The reason is that, the 

excitons created on [70]PCBM have a lower probe absorption cross-section comparing to 

excitons and polarons on TV38. When the excitons which are initially created on [70]PCBM, 

diffuse to the interface and dissociate in the interfacial area, TV38 molecules are 

correspondingly charged, or in another word, polarons are created on TV38 molecules 

which leads to increasing of the signal.  

To be noted is that this growing component persist to present as the [70]PCBM loads 

keep increasing to the ratio of 1:20, depicted in the SI 8. The fittings of the transients for 

high [70]PCBM load samples indicate an extending growing time, which can be an 

intermediate instruction of enlarged cluster size. And due to this enlarged cluster size, bulk 

excitons dissociations are further delayed by the diffusion.  

For all blends and neat samples, decaying components at 0.5-1.2 ns timescales are 

observed. Interestingly, for the blended films neither timescales nor amplitudes of this 

component depend on the particular TV38:[70]PCBM ratio. For the neat film, this 

component exhibits somehow larger decay time having the same amplitude. The similar 

decay was also found in the sample where TV38 molecules are diluted in PMMA matrix 

hence there are only intramolecular interactions taking place (SI 5), Similar effect was 

observed in the SSM with TPA core and DCV acceptor groups [23]. Therefore, this effect is 

likely determined by extremely efficient interactions between the TPA and DCV groups, 

which act as a potential well for the intramolecularly separated charges and the charges are 

confined within the molecule. Charges initially separated within the same molecule 

recombine via this channel and do not undergo electron transfer even in blends with high 

concentration of [70]PCBM. Therefore, this share of separated charges does not contribute 

into the long lived charge proving intramolecular charge separation/lost channel.  

However, we note that the possibilities of charge recombination via interfacial charge 

transfer states should not be fully ruled out. Currently, we are not able to distinguish 
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recombination channels like intramolecular channel and charge transfer state, therefore 

distinguishing intramolecular recombination and charge transfer state calls for further 

study.  

2.4 Photoinduced Anisotropy Dynamics 

     To get more insights about excited state dynamics, photoinduced anisotropy 

transients were measured (Figure 2.5). Anisotropy experiments offer the information about 

evolution of orientations of photoinduced dipole moments. Note that the anisotropy signal 

is charge concentration or absorption cross-section independent since these two factors are 

reduced according to equation (3). Because the anisotropy experiment is polarization 

sensitive, the resulted dynamics reflect depolarization of excited state of any nature be that 

due to the charge migration, isotropic hole transfer process or intrinsic intramolecular 

depolarization of the excited state.  
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Figure 2.5 Photoinduced anisotropy of neat TV38 film (red), 1:2 film of TV38:[70]PCBM 

(black) and TV38 in PMMA matrix (green). Other blends have the similar dynamics with the 

1:2 bled depicted here and therefore are not shown (SI 8). Excitation and probe 

wavelengths were set at 520 nm and 1.3 m, respectively 

 

In the pristine TV38 film, the initial anisotropy value is ~0.2 (Figure 3.3, blue line), 

which is twice lower as the maximal possible value of 0.4, and corresponds to the average 

angle of ~35° between the polarization of incoming light and the average orientation of 

photoinduced dipole moment (equation 5) [59]. Taking into account the linear structure of 
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the molecule, one can assume that the initial depolarization is due to the intermolecular 

separation of CT excitons. The further decay of the anisotropy within first ~100 ps is likely 

due to the exciton migration within the TV38 medium. To verify these assumptions, the 

anisotropy dynamics of separated TV38 molecules in PMMA matrix was measured (Figure 

2.5, green line). Indeed, constant anisotropy value of ~0.38 was observed, which clearly 

points towards the intermolecular nature of the depolarization process. This is in sharp 

contrast with T2 SSM, where substantial depolarization occurs due to the ultrafast mixing of 

the degenerate excited states (SI 7), while the anisotropy of TV38 molecule level-off during 

1.8 ns at 0.38. This leads to the conclusion of that the intramolecular charge transfer 

processes which affect the direction of polaron dipole moment due to the symmetrical 

structure of T2 molecule, and are absent in TV38 molecule due to the broken symmetry.  

For the blended films, the anisotropy signal starts at even lower value of ~0.15 and 

decay at similar timescales. The similar decay behavior points towards the identical nature 

of depolarization process in neat and blended films. The lowering of initial value of 

anisotropy in blended films is likely due to the noticeable contribution of the isotropic 

hole-transfer process [31]. Overall, in all TV38-based films the anisotropy reflects 

intermolecular motion of excitons, while the intramolecular dynamics do not lead to the 

depolarization of excited state. 

2.5 Efficiency of long-lived charge generation 

 

Figure 2.6 Share of the long-lived charges in TV38:[70]PCBM blends versus [70]PCBM 

content (red bars). Patterned areas indicate the [70]PCBM contribution to the long-lived 

charges via the diffusion-delayed hole transfer process. 
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    One of the most important features of a good OSC material is the capability of 

providing sufficient amount of long-lived charges. The share of long lived charge in 

percentage of all initially generated excitons can be derived from PIA signal at long delay 

times.  

Because all the transients were normalized to the number of absorbed photons, the 

amplitude of the transients are proportional to the amount of photogenerated charges per 

absorbed photon, with an unknown IR absorption cross-section. In order to provide the 

direct comparison of the relative amount of photogenerated charges, the signals were also 

normalized by the maximum amplitude amongst all transients, which is the transient for 1:4 

sample. By this normalization, we assume that the maximal transient amplitude of 1:4 

sample represents a unity polaron yield. After these normalizations, the amplitude at long 

delay times (>1.5 ns) straightforwardly provide the share of long-lived charges (Figure 2.6). 

For the pristine TV38 film, the amount of long-lived charge is very low, hardly 

exceeding 20%. This is because in the neat film, no energy gradient is provided to split the 

CT-excitons. The photoinduced excitons have no other dissociation channels but recombine, 

therefore providing the least charge generation efficiency. 

As [70]PCBM being added into the mixture, the share of long-lived charge increases to 

a relatively high level rapidly - more than 50% percent of initially separated charge survived 

at experimental time scale of 1.8 ns for the 1:4 TV38:[70]PCBM ratio. The reasons for 

tremendous increase of the long-lived charges fraction are the following. On one hand, 

adding of [70]PCBM acceptor opens a new pathway for charge separation: CT excitons from 

TV38 can be split at the interface of the BHJ due to the sufficient energy offsets for the 

electron transfer (Figure 2.1d). On the other hand, [70]PCBM can also absorb photons and 

generate excitons, therefore contributing to the long-lived charge via hole transfer process. 

Interestingly, the amount of long-lived charges monotonously increases with increasing of 

[70]PCBM concentration till 1:4. When the [70]PCBM blend ratio keeps increasing, the 

amplitude of long lived charge starts to decrease. With further increasing of [70]PCBM 

content, formation of large cluster where not all excitons can make it to the interface, it is 

reasonable to observe a decrease. Also, since the TV38 components in the blends are 

significantly reduced, insufficient HT channel can be offered by TV38 which leads to the 

relevant low amplitude. 

The dependence of amplitude, which represents share of long lived charges, indicates 

that the charge generation efficiency from[70]PCBM phase is higher than from the TV38 

phase, making the TV38-based OSCs essentially fullerene devices [82]. 

2.6 Conclusions 

Charge dynamics in BHJs based on novel TV38 small molecule have been investigated with 
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time-resolved visible pump-IR probe ultrafast spectroscopy. It was shown, that efficient 

intramolecular recombination of TV38 CT excitons at sub-ns timescales occurs in all blends. 

This channel is almost independent of [70]PCBM concentration therefore  hardly produces 

any long-lived charges. Meanwhile, in blends with low [70]PCBM content, intermolecular 

charge separation in TV38 phase occurs with recombination time of ~100ps. However, this 

recombination channel seems to be fully suppressed in blends with [70]PCBM content 

higher than 50%, This is due to: i) larger average distance between TV38 molecules in 

blends with high [70]PCBM concentrations and ii) direct electron transfer from TV38 to 

[70]PCBM after photoexcitations. According to the relative high efficiency of the charge 

generation via hole transfer process, we conclude that this BHJ is a [70]PCBM based OSC 

system and at least 60% of initially separated charge survive over the experimental time 

window of 1.8ns. 

In the view of device designing, 1:4 donor:acceptor ratio could be used when 

optimizing the BHJ architecture. However intra-molecular charge recombination should be 

suppressed to ensure high charge generation efficiency. A potential path could be to further 

decrease the band gap of donor material further and on the other hand increase 

LUMO/LUMO offset between donor and acceptor material to obtain a pronounce exciton 

dissociation efficiency. Another issue is the exciton diffusion distance, which also limits the 

charge generation efficiency. This can be optimized and overcome by morphology study 

with AFM technique and crystalline property study with TEM technique.  

Summarizing, TPA-based SMs with oligothiophene as conjugated arm and electron 

accepting DCV unit offers very efficient charge generation when it is mixed with [70]PCBM 

acceptor . With a better optimization of blend ratio and morphology, we firmly believe 

inspiring increase efficiency can be achieved if the intramolecular recombination is 

suppressed. 

2.7 Experimental 

Sample preparation 

For solution processed sample preparation, TV38 and [70]PCBM were dissolved separately 

in o-dichlorobenzene at a concentration of 25g/L. The solutions were stirred on a magnetic 

stirrer for at least 20 hours at 50 °C. The donor solution was then mixed with [70]PCBM 

with the volume ratios of 3:1, 1:1, 1:2, 1:4,1:5, 1:10 and 1:20. Solutions with different 

mixing ratios were stirred with the magnetic stirrer for at least another 2 hours. Thin films 

were then spin-coated (800 rpm, 2 minutes) on glass substrates. The optical densities of all 

films were around 0.2. 

    For PMMA matrix sample, PMMA was dissolved in o-dichlorobenzene at a 

concentration of 150 g/L. The solution was stirred on a magnetic stirrer for at least 5 hours 
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at 50 °C. Then the solution was mixed with o-dichlorobenzene solution of TV38 with molar 

concentration of 1:50, which corresponds to 1 TV38 molecule per 600000 PMMA 

monomers.  

Optical 

Linear absorption spectra were obtained using a PerkinElmer Lambda 900UV/VIS/NIR 

spectrometer. Polarization-sensitive ultrafast PIA measurements were performed on a 

setup based on a Ti:sapphire regenerative amplifier(Hurricane, Spectra-Physics).The output 

of this amplifier was used as inputs for two optical parametric amplifiers(TOPAS, Light 

Conversion), operating in visible (475nm to 2600nm) and infrared (1.2m to 20 m) regions. 

The outputs of these amplifiers were utilized as pump and probe beams respectively.  

    The polarization of the infra-red probe beam was in an angle of 45ºwith respect to the 

polarization of the pump beam. After the sample, the parallel and perpendicular 

components of the probe beam (denoted as T∥and T⊥)were selected by two wire-grid 

polarizers, and then detected by two nitrogen-cooled InSb photodiode detectors. The 

isotropy population signal and photoinduced anisotropy were calculated according to 

equations (2) and (3). 

The average angle between the polarization of incoming light and photoinduced dipole 

moment was calculated by the following expression, in which 𝛼 represents the average 

angle and r0 is maximal possible anisotropy of 0.4: 

                        𝑟 = 𝑟0(1 −
3

2
𝑠𝑖𝑛2(𝛼))                          (5) 
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2.8 Supplementary Information   

 

SI 1 Absorption spectra of TV38:[70]PCBM blends for different concentration (blue), and 

their decomposition (cyan) as sums of the TV38 (black) and [70]PCBM (red) absorption 

spectra. The black and red numbers represent shares in absorption of the TV38 and 

fullerene respectively at the excitation wavelength of 519nm. 
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SI 2 Normalized absorption of TV38 molecules in PMMA matrix (red) and TV38 spin-casted 

film (blue). Clear red-shift of the absorption peak is observed in the film due to the 

intermolecular interactions. 
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SI 3 TV38 (red) and [70]PCBM (black) contributions to the overall blend absorption at the 

excitation wavelength of 519nm. 
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SI 4 IR PIA spectra of pristine TV38 film at different delays, open circles represent 

experimental data, solid lines are the fitting of experimental data with Gaussian functions. 

Fitting parameters are labeled beside the curves.  
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SI 5 Isotropy PIA transient of TV38 molecule in PMMA matrix. Symbols represent 

experimental data, while solid line represents the monoeponential fit with decay time of 1.8 

ns. Excitation and probe wavelengths were set at 520 nm and 1.3 m, respectively 
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SI 6 Anisotropy of all films. All blends have almost the same decay behaviors except for the 

neat film. Excitation and probe wavelengths were set at 520 nm and 1.3 m, respectively 
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SI 7 Anisotropy of SSM T2 in PMMA matrix. A decay occurs in a sub-ps time scale indicates 

the ultrafast intramolecular charge redistribution. On a longer time scale, a constant 

anisotropy can be observed, indicating the absence of intermolecular charge transfer or 

exciton migration. Excitation and probe wavelengths were set at 520 nm and 1.3 m, 

respectively 
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SI 8 Isotropy transients for TV38:[70]PCBM blends at different [70]PCBM concentrations. 

Circles represent the experimental data points and solid lines stands for best fits according 

to Equation(1), all transients are normalized to the number of absorbed photons. Notice a 

persist growing component as the [70]PCBM ratio is increasing at the initial stage. 

Excitation and probe wavelengths were set at 520 nm and 1.3 m, respectively 
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3. Chapter 3: Exciton diffusion in 

vacuum-deposited TV38 

heterojunction 

3.1 Introduction 

In the active layer of organic solar cells (OSCs), after light absorption Frenkel excitons are 

created which cannot be split only by the thermal energy of the system due to their 

relatively high binding energy of ~0.3 eV [50, 83]. Therefore, a donor-acceptor type 

interface between two materials is required to provide the driving energy for splitting the 

exciton into charges. A simplest type of the interface is the bilayer of donor- and 

acceptor-type materials [42]. Since the Frenkel excitons in organic materials demonstrate 

rather limited diffusion length [34], there is always a compromise between film thickness 

(which determines the efficiency of photon absorption) and the exciton diffusion length. If 

the film has too small thickness as compared to the exciton diffusion length, the exciton 

harvesting efficiency is high but the photon-to-exciton harvesting is low.  On the other 

extreme, if the layer thickness exceeds the light penetration depth, the majority of photons 

are collected but a large share of excitons dies within the exciton lifetime before having 

made it to the interface. To solve this dilemma, Yu et. al. came up with the idea of 

bulk-heterojunction (BHJ) concept in 1995 [22]. 

BHJ is a nanoscaled mixture of donor-type and acceptor-type materials. In the BHJ, 

the materials form a fine structure with typical dimensions smaller than the exciton 

diffusion length (~10 nm [10, 84]), and therefore the active layer thickness can be 

substantially increased without losses in exciton harvesting. Well-designed BHJ can achieve 

a near unity efficiency of exciton dissociation [10]. Unfortunately, it is hard to quantitatively 

control and optimize BHJ’s morphology, molecular packing, phase separation and purity etc. 

which all have a significant impact on the photon-to-voltage conversion efficiency. 

Therefore, optimizing the BHJ is a laborious work based on the trial-and-error approach. 

This is in sharp contrast with simple well-defined bilayer heterostructure, which can be 

vacuum-deposited in a highly controllable way with predefined parameters. Therefore, an 

alternative to BHJ approach to maximize the photon harvesting is to design new materials 

where the exciton diffusion length and the light penetration depth are well-balanced.  

Among the acceptor materials, C70 fullerene combine both high absorption 

coefficient [68] and long exciton diffusion lengths [36, 85, 86]. However, the lack of simple 

and efficient donor materials prevented manufacturing of high-efficient vacuum-deposited 

OSCs. TV38 small molecule is suitable for vacuum deposition and demonstrates good 
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absorption properties, so that it can be considered as a suitable candidate for donor 

materials in bilayer OSC.  

 
Figure 3.1 Chemical structures of TV38 electron donor (a) and C60 electron acceptor (b). (c) 

Structure of vacuum-deposited multilayered structures with 6-96 nm TV38 layers and 20 

nm C60 quencher, vacuum-deposited 6-96 nm TV38 layers and 40 nm C60 layer are used as 

reference samples. (d) Frontier energy levels of TV38 and C60. The process of electron 

transfer is depicted by an arrow. 

 

In this Chapter, we investigate the exciton diffusion in TV38 layers with 

time-resolved photoinduced absorption (PIA) spectroscopy. The main focus is to obtain the 

exciton diffusion distance in vacuum-deposited layers based on TV38 molecule and to 

compare it with the light penetration depth. Diffusion dynamics were tracked by 

time-resolved PIA technique and analyzed with a simple analytical model of exciton 

diffusion in continuous medium. The exciton diffusion length in the vacuum-deposited TV38 

layers is estimated to be around 10 nm, which is significantly shorter than the light 

penetration depth of around 80 nm. The analytical model perfectly describes the exciton 

diffusion in thick (96 nm and 48 nm) and thin (6 nm) TV 38 layers, but fails in describing 

exciton dynamics in 12 nm and 24 nm samples. We attribute this discrepancy to the 

complex interplay between exciton and polaron dynamics, which are most probably driven 

by formation of the surface charge transfer states and/or exciton trapping in the TV38 layer. 
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Therefore, the optimization of molecular packing and surface morphology is envisioned to 

be a perspective way to increase the crystallinity of TV38 and the exciton diffusion length. 

3.2. Absorption Spectra 

3.2.1 UV-VIS absorption 
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Figure 3.2 Absorption  spectra of the reference TV38 (a), sandwiched C60/TV38/ C60 (b) 

and C60/TV38/ C60 samples with subtracted C60 absorption (c). Absorption of a 40 nm C60 

layer is also shown in (b). 

 

Absorption spectra of the layered samples are shown in Figure 3.2. Neat TV38 samples 

demonstrate two strong and broad absorption peaks in the visible region, located at around 

380 nm and 510 nm. The origin of these spectral features was discussed in the previous 

chapter (see chapter 2); both peaks have mainly the charge transfer origin. The low-energy 

absorption band centered at 510 nm is blue-shifted for the layered samples comparing to 

the solution processed ones (520 nm). We assume that the reason is different interactions 

between neighboring molecules in solution processed samples and in the 

vacuum-evaporated samples due to the different molecular packing. Most probably, 

vacuum-deposited films are more ordered compared to solution processed films which 

leads to the blue-shift of the absorption.  

The C60 layers have a strong absorption below 400 nm, and minor absorption above 

550 nm. The sharp contrast in absorption between TV38 and C60 in the region above 550 

nm provides a good opportunity to conduct PIA experiments in such a way that mainly the 

TV38 molecules are excited. Therefore, the excitons are mainly planted in the TV38 layer 

while the direct excitation of C60 is largely avoided. To achieve both high optical contrast 

between TV38 and C60 and sufficient TV38 response, in the later-described PIA experiments 
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the pump wavelength was set at 560 nm. 

Surprisingly, for the reference samples, absorption peak positions depend on the 

layer thickness: a minor but yet noticeable red-shift of the 510 nm peak is observed. The 

peak shifts from 510 nm for 96 nm TV38 layer to 520 nm for 24 nm layer. One of the 

possible explanations could be interference effects in the thin TV38 layer [36]. To 

investigate these shifts, the transmissions of all reference samples were measured in such a 

way that the polarized incident light was set under the Brewster angle with respect to the 

film surface, thus reflections at the interfaces were largely eliminated. The laser wavelength 

was close to the absorption maximum of TV38 (532 nm). The power of incident, 

transmitted and reflected light was measured for each sample, and the optical densities 

were recalculated. The results are shown in Figure 3.3. Indeed, some difference between 

the transmissions measured by spectrometer and laser measurements are observed with 

12 nm, 24 nm, 48 nm samples. The absorbance of the sample measured with the laser 

scales perfectly linearly with the TV38 layer thickness, while the absorption measured with 

the spectrometer is somehow nonlinear. This behavior clearly points to the sensitivity of 

the spectrometer to interference effects. 

 

Figure 3.3 Optical densities of the reference samples and the samples sandwiched between 

C60 layers, red and purple open circles are optical densities measured by spectrometer, 

green and blue solid squares are optical densities measured by laser set under the Brewster 

angle. Green and blue lines are the best fit of laser measurements.  

  

In the layered samples with C60, the absorption peaks of TV38 are heavily affected by 

C60 absorption. As shown in Figure 3.2(b), the 510 nm absorption peak of the samples with 

C60 is observed to be blue-shifted from 510 nm for 96 nm sample to 460 nm for 6 nm 

sample, due to the increased share of C60 absorption, which has a blue-shifted peak at ~450 

nm (figure 2(b), yellow curve). In order to isolate the TV38 absorption, a direct subtraction 
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of C60 absorption from the absorption spectra was performed; the results are shown in 

Figure 3.2(c). Since C60 layer is identical in all samples, the spectral shape should remain 

unchanged after C60 subtraction, with only variations in absorption amplitude due to 

different thicknesses of the TV38 layer. However, this is not the case as a noticeable 

red-shift on the TV38’s green peak is observed in the absorption spectra of the layered 

samples. The peak at 510 nm for 96 nm sample is red-shifted to 545 nm for 12 nm and 6 

nm samples (Figure 3.3a). Note the red shift levels-off at the wavelength of 545 nm. We 

assume that this shift is most probably caused by the interference as already mentioned 

above. 

Therefore, we performed the same Brewster angle laser measurements as 

mentioned above. A clear disagreement was shown by the data measured by spectrometer 

and laser (which was set under the Brewster angle) respectively. As the thickness increases, 

the destructive interference impact increases and in turn leads to reduce of absorption at 

this wavelength.  Note that the fitted line (green and blue) of Brewster’s angle laser 

measurements for samples sandwiched with C60 and reference samples have identical 

slopes, while the data measured by spectrometer are quite different for sandwiched 

samples and reference samples. This is indicative of the strong interference effect.  

However, interactions between TV38 molecules and C60 molecules, i.e. by formation 

of the interfacial CT states [78] should not be fully eliminated. That is because of the 

appearance of the red shoulder exists and locating around 700 nm, where neither of the 

materials absorbs Figure 3.2 a and b. It can be both because of extremely efficient 

constructive interference in this region or due to the CT state formation. Note, however, 

that the influence of CT states in linear sample should be much lower compared to the BHJ 

samples due to the lower surface area.  

For an organic solar cell material, it is important that the exciton diffusion length is 

comparable to the light penetration depth to achieve the maximum exciton collection 

efficiency. From Figure 3.3, the optical density of 96 nm sample at pump wavelength is 

obtained as 0.55, which corresponds to 70% absorption. Therefore, we estimate the 

penetration depth (which corresponds to transmission of e-1=0.37) to be around 80 nm.  
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3.2.2Photoinduced infrared absorption 
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Figure 3.4 PIA spectra of 96 nm sample and 24 nm sample with the C60 layer. Open symbols 

are experimental data, solid lines are the fits of experimental data with Gaussian functions. 

Fitting parameters are indicated next to the curves. Excitation and probe wavelengths were 

set at 520 nm and 1.3 m, respectively 

 

Figure 3.4 shows the PIA spectra for 96 nm and 24 nm samples sandwiched between C60 

layers. The spectra are reconstructed from the PIA transients that were measured at 

different probe wavelengths. Within the first 1 ps, the PIA signal is solely from the response 

of excitons since the share of excitons generated at the interface (which dissociate 

instantaneously) is negligibly low. At the longer time scale, the excitons diffuse to the 

interface and split into charges. Therefore, the PIA response signal consists of two parts, 

which are the exciton response (i.e. response of CT excitons in TV38 phase) and the 

low-energy polaron response (i.e. response of separated charges). However, due to 

unknown IR probe absorption cross sections the exciton and polaron responses cannot be 

distinguished straightforwardly.  

Previously, with the solution processed samples, the low-energy polaron absorption 

band was measured to be located around 0.96 eV (see chapter 2). For the 

vacuum-evaporated sample, this polaron absorption band is expected to be around the 

same energy of 0.96 eV since the chemical structure of TV38 should not be changed by the 

evaporation process. 

Indeed, as can be seen from Figure 3.4(a), for the sample of 96 nm sandwiched 

between the C60 layers, the CT exciton absorption peaks stabilized at ~0.95 eV after a 0.1 eV. 

A blue-shift has occurred within the initial 10 ps. Note that similar blue-shift was also 

observed in the solution-processed sample, pointing towards similar origin of the response, 

which we have previously explained as caused by the transient environment polarisability. 

Moreover, noticeable narrowing of the spectrum observed at large delays, which most 

probably points to polaron-dominated response at long timescales. 
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For the 24 nm thick sample with C60 layers, the whole spectrum is blue shifted to ~1 

eV. This difference is most probably caused by the different molecular packing due to 

different sample thickness. In vacuum-deposited films, the molecules are expected to be 

packed with a higher order than that in the solution processed films. It is known that 

polaron absorption can be affected by the film packing [87], therefore some differences 

between solution-processed and vacuum-deposited layers of different thicknesses are 

expected. However the probability of the different interplay between excitons and polarons 

should not be fully eliminated.  

To track the dynamics of exciton separation, a single probe wavelength was chosen 

close to the maximum of unaffected CT-exciton spectrum at 1.3 m. 

3.3 Photoinduced Absorption Dynamics 

Figure 3.5(a) shows the PIA isotropy transients of the TV38 reference samples with different 

layer thicknesses. The transients are normalized to their maxima. Since the amplitude of 

PIA signal is proportional to the concentration of charges/CT excitons, by normalization to 

maxima we assume near time zero, initially generated excitons have the same density in 

different samples. 

With the reference sample we assume that the PIA response is solely given by CT 

excitons since there is no acceptor material thus excitons will not be quenched. Hence the 

decay is assigned to the exciton recombination. Therefore, the dynamics for different 

samples are expected to be similar, which is not the case. The signal behavior has a 

dependence on the layer thickness, which is that the decay appeared to be faster for 

thinner samples. This is most probably due to the exciton quenching at the TV38/air and/or 

TV38/glass interfaces in the thinner samples.  

Figure 3.5(b) shows exciton dissociation dynamics for the C60 sandwiched samples. 

For the thick samples (24 nm – 96 nm) the early-time dynamics are still dominated by the 

exciton response due to low share of excitons generated in close proximity to the interface, 

while for thinner samples the initial signal may consist both of exciton and polaron 

responses. The signals at long delays (>1.5 ns) for all samples consist of both exciton and 

polaron responses with unknown ratio. To make sure that the C60 response does not affect 

the transients, we measured the PIA signal from a 40 nm C60 layer which was at least a 

factor of 15 lower than the exciton response for 96 nm sample. 

Since for all samples prominent decay of the signal is observed, even though for 

thin samples the exciton harvesting efficiency is expected to be high, it is reasonable to 

assume that IR cross-section of CT excitons is much larger compared to that of polarons. To 

estimate the relative polaron cross-section, we assume 100% exciton harvesting efficiency 

in the thinnest 6 nm sample. In this case at time zero the response is originated mainly 
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from the CT excitons. At long delays, majority of the excitons should be able to diffuse to 

the interface and thus are split there. Hence the signal is produced only by the separated 

charges, i.e. the PIA response has a polaron origin in this case.  
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Figure 3.5 Isotropy transients for reference TV38 samples (a) and C60/TV38/ C60 samples (b) 

with different layer thickness. Circles represent the experimental data points and solid lines 

show the fits according to a multi-exponential decay function with a baseline. Note that the fits 

are only for guiding the eyes and their parameters cannot be used as a description of the real 

charge transfer process. All transients are normalized to the maxima near zero pump-probe 

delay. 12 nm and 6 nm reference samples were not measured because of extremely weak signals. 

Purple lines represent Y=0 for each transient. Excitation and probe wavelengths were set at 

520 nm and 1.3 m, respectively 

 

As can be seen in Figure 3.5(b), the PIA signal at long delay for 6 nm sample is ~0.2. 

This allowed us to estimate the relative absorption cross-section of charges as only 20% of 

the CT exciton absorption cross-section. Therefore, we can conclude that the initial 

accelerations of the PIA dynamics in sandwiched samples are due to the exciton quenching 

at the interfaces. In the previous chapter, similar exciton and polaron absorption 

cross-section were assumed, which is likely not the case here. This difference is most 

probably caused by the different molecular packing because of different process methods 

[87] as mentioned above. Note that for the 6 nm sample C60 absorption cannot be fully 
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neglected (Figure 3.2b), therefore C60 excitons could dissociate into the separated charges 

and contribute to the charges, thus the polaron cross-section could be slightly 

overestimated. 

Since the exciton cross-section is much larger than the polaron cross-section and 

the exciton lifetime is fairly long (~2 ns, Figure 3.5a), one would expect monotonous 

increase of the long-delay signal amplitude with layer thickness due to the higher 

contribution of CT excitons. However, at the longer time scale the transient amplitudes are 

not in line with this assumption.  
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Figure 3.6. PIA amplitudes at 1500-1800 ps delays for the sandwiched samples.. Note 

strong nonlinearity of the PIA signal dependence on the TV38 layer thickness. 

 

As shown in Figure 3.6, the long-time amplitude firstly increases rapidly for 12 nm 

and 24 nm samples. This can be understood as the share of exciton response with higher 

cross-section increases with the thickness. However, when the thickness reaches 48 nm, 

the amplitude decreases tremendously. For the 96 nm samples the amplitude increases 

back as expected due to the increased share of CT excitons. The unusual growth in 

amplitudes for 12 nm and 24 nm sample at the long-time tail of the transients points 

towards complex processes of exciton separation and recombination. For example, if 

immobile excitons are generated within the TV38 layer (see Chapter 2), they can contribute 

to the CT exciton response but not contribute to the diffusion process, making the 

dynamics complicated. The exciton delocalization can also affect the PIA dynamics in a 

complex way.  

 



 

39 
 

3.4 Analytical model 

To quantitatively describe the results, an analytical model was developed. The model is 

based on the diffusion of localized excitons with the finite lifetime in a medium sandwiched 

between two quenching layers. The schematics of the processes are depicted in Figure 3.7. 

  

Figure 3.7 Schematic illustration of the exciton generation, diffusion, dissociation processes, L is 

the layer thickness; x is the spatial coordinate. a) The exciton generation. b) The instant splitting 

of the interfacial excitons and bulk exciton diffusion to the interface (indicated by arrows), c) 

The dissociation of all excitons and recombination of bulk exciton (marked by the red arrows in 

b) with the lifetime of . 

 

Since the dynamics of exciton concentration and distribution are time and space 

evolutional processes [32], to describe the dynamics, we employed the following continuity 

equation [36, 88, 89]: 

𝜕𝑛(𝑥,𝑡)

𝜕𝑡
= −

𝑛(𝑥,𝑡)

𝜏
+ 𝐷

𝜕2(𝑥,𝑡)

𝜕𝑥2
− 𝑆(𝑥)𝑛(𝑥, 𝑡) + 𝐺(𝑥, 𝑡)             ( 6 ) 

Here n is the concentration of excitons, x is a spatial coordinate along the light 

propagation direction, 𝜏 represents the effective exciton life time and D is the diffusion 

coefficient of the excitons. The first term in the right-hand side of Eq.6 describes the decay 

of excitons via radioactive and non-radioactive recombine processes, with a constant decay 

time 𝜏. The second term describes the exciton diffusion with the diffusion coefficient D.  

The third term stands for the exciton separation processes at the interface. We assume 

100% harvesting efficiency at the interfaces since the C60 layers work as a very good exciton 

quencher [33, 90], which basically means that all the excitons diffused to the interface split 

into charges. In the equation, we describe this in the third term with the boundary 

conditions (assuming the C60/TV38 interface to be located at x=0 and x=L, where L is the 

thickness of theTV38 layer): 

𝑛(𝐿, 𝑡) = 𝑛(0, 𝑡) = 0                               (7) 
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The fourth term is an exciton generation term G(x, t). For simplicity we assume a 

uniform initial distribution of excitons. Therefore the term G(x, t) can be replaced by the 

initial conditions: 

𝑛(𝑥, 0) = 𝑁0                 (8) 

Therefore, equation (1) is simplified to the folowin equations with initial and 

boundary conditions: 

{
 

 
𝜕𝑛(𝑥, 𝑡)

𝜕𝑡
= −

𝑛(𝑥, 𝑡)

𝜏
+ 𝐷

𝜕2(𝑥, 𝑡)

𝜕𝑥2
                                                             (9)

              𝑛(𝑥, 0) = 𝑁0                                                                                    (10)

      𝑛(𝐿, 𝑡) = 𝑛(𝑜, 𝑡) = 0                                                                             (11)

 

The solution was sought in a form: n(x, t)=T(t)X(x).By separating the variables: 

{𝑇(𝑡) = 𝑒
−
𝑡
𝜏𝑙𝑡𝑒−𝑡𝜆

2
                                                                                                 (12)

𝑍(𝑧) = 𝐴𝑐𝑜𝑠(𝜔𝑧) + 𝐵𝑠𝑖𝑛(𝜔𝑧)                                                                      (13)
 

where √𝜆2/𝐷. By applying the boundary conditions: 

{

𝐴 = 0                                                                                                                  (14)

𝜔𝑘 =
𝜋𝑘

𝐿
                                                                                                           (15)

 

Therefore, the bulk exciton density is 

     𝑛(𝑧, 𝑡) = 𝑒−𝑡/𝜏 ∑ 𝐵𝑘𝑒
−𝜔𝑘

2𝐷𝑡 sin(𝜔𝑘𝑥)                                              (16)
∞
𝑘=1       

and 

                     𝐵𝑘 =
2

𝐿
∫ N0sin(𝜔𝑘𝑥)𝑑𝑥
𝐿

0
                                                                                (17) 

Therefore the exciton density in a film with quenching material attached on both 

sides can be derived as: 

𝑛(𝑥, 𝑡) =
4𝑁0

𝐿
𝑒−𝑡/𝜏 ∑

𝑒−𝜔2𝑖−1
2 𝐷𝑡

𝜔22𝑖−1
𝑠𝑖𝑛𝜔2𝑚−1𝑥

∞
𝑖=1                                                 (18) 

At the both interfaces, the excitons dissociate into charges. This process can be 

considered as a flux of excitons through boundaries, which can be determined with the 

boundary condition as following [36]: 

𝐽(𝑡)|𝑧=0,𝐿 = ±𝐷
𝑑𝑛(𝑧,𝑡)

𝑑𝑧
|
𝑧=0,𝐿

                                                                                      (19) 

Therefore the concentration of polarons in the TV38 layer by a delay time t is the 

time integration of the flux: 

ℎ(𝑡) = −∫ (𝐷
𝑑𝑛(𝑥,𝑡)

𝑑𝑥
|
𝑥=0

− 𝐷
𝑑𝑛(𝑥,𝑡)

𝑑𝑥
|
𝑥=𝐿

) 𝑑𝑡
𝑡

0
                                                            (20) 

The PIA response of bulk exciton and polarons are proportional to the integral of 

exciton density and hole density over the layer thickness L. The responses are shown in the 

following expressions: 



 

41 
 

 

{
 
 

 
 𝑁𝑒𝑏(𝑡) =

8

𝐿2
𝑒−𝑡/𝜏∑

𝑒−𝜔2𝑖−1
2 𝐷𝑡

𝜔2
2𝑖−1

                                                                                (21)

∞

𝑖=1

𝑁ℎ𝑏(𝑡) =
8𝐷

𝐿2
∑

1− 𝑒−𝑡(
1
𝜏
+𝜔2𝑘−1

2 𝐷)

1 + 𝜔2𝑘−1
2 𝐷𝜏

𝜏

∞

𝑘=1

                                                                 (22)

 

Note that Equations (21)-(22) describe exciton diffusion in continuous medium, 

where the contribution of interfacial excitons (which dissociate without any diffusion 

process) is negligible. This is indeed true for thick (>48 nm) samples. However, for thinner 

samples the interfacial excitons noticeably contribute to the signal and should be taken into 

account. Therefore, we add the interfacial component to equations (23)-(24) to acquire the 

real exciton and hole response, which has a dissociation time within electron-transfer time 

scale et, since no precluding diffusion is required [36]. The bulk part and interfacial part are 

connected with a share ratio of  which is calculated as 2/L, where L is the sample thickness 

(assuming the excitons are localized). The whole response of excitons and holes is 

expressed as: 

{
𝐸(𝑡) = 𝛾𝑒

−
𝑡
𝑇𝑒𝑡 ∙ 𝑁𝑒𝑏(0) + 𝑁𝑒𝑏(𝑡)                                                                (23)

𝐻(𝑡) = 𝛾 (1 − 𝑒
−
𝑡
𝑇ℎ𝑡) ∙ 𝑁𝑒𝑏(0) + 𝑁ℎ𝑏(𝑡)                                                (24)

 

Finally, we assume the exciton absorption cross-section of unity and the polaron 

absorption cross-section of put all calculated terms in the following expression  

𝑆(𝑡) = 𝜎𝐻(𝑡) + 𝐸(𝑡)                          (25) 

and fit the experimental data with this equation. The results are shown in Figure 3.8. 

In the fitting function, et was fixed at 0.1 ps [31, 80] and  was equal 0.2 (see above), while 

exciton diffusion coefficient D and exciton lifetime  were fitted globally for all the 

transients.  
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Figure 3.8 PIA experimental data with the correspondent fittings. The circles represent the 

experimental data points and the solid green lines stand for fits according to equation (25) 

convoluted with Gaussian apparatus function. All transients are normalized to their 

maxima. Excitation and probe wavelengths were set at 520 nm and 1.3 m, respectively 

 

As can be seen from Figure 3.8, the fitted curves show a reasonable level of 

consistency with the PIA experimental data with the 0-0.5 ns time scale. However, on a 

longer time scale, the model only works well for the thinnest and thickest sample and 

shows substantial deviations from the experimental results. Firstly, for the thinnest sample, 

the dynamics are dominated only by interfacial exciton dissociation. Then, for the 48 nm 

and 96 nm samples, the dynamics are mainly from the bulk exciton response. These effects 

are quite straightforward and can be directly simulated by the model. However, some 

unaccounted processes likely affect the dynamics of 12 nm and 24 nm samples, as 

discussed above.  

The diffusion coefficient of vacuum-evaporated TV38 film was obtained by fitting 
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the experimental data as D=7.7×10-5 cm2/s, and the exciton lifetime as 𝜏=2.3 ns. Therefore 

the diffusion length can be calculated with the following expression for the 3D diffusion 

[91]: 

𝐿 = √6𝐷𝜏                                                                                   (26) 

The calculated exciton diffusion length is L=10 nm. This value is very well in line with 

the diffusion lengths in common organic materials [32, 33]. Note that the light penetration 

depth of TV38 layer was estimated to be 80 nm which is much higher than this exciton 

diffusion length. Therefore, a large fraction of absorbed photons are able to convert into 

excitons however cannot make it to reach the interface thus recombines within the exciton 

life time. This conflict between exciton diffusion distance and light penetration depth must 

be resolved in the future designing of devices. For example, Increase the molecular 

ordering in the films will increase the exciton diffusion distance, therefore optimization can 

be done with this factor. 

3.5 Conclusion 

The exciton diffusion in vacuum-deposited TV38 layers sandwiched between the C60 

electron accepting layers were studied by absorption spectroscopy and time-resolved PIA 

spectroscopy. Vacuum-deposited TV38 molecules demonstrate wide and prominent 

absorption bands, which is an inspiring feature of an OSC material.  

The exciton dynamics in TV38 layers were studied by ultrafast PIA spectroscopy and 

Exciton described by an analytical model. According to the model, exciton diffusion length 

was estimated to be around 10 nm, which is rather limited compared to the light 

penetration depth (~80 nm). Therefore, in order to increase the exciton diffusion length to 

achieve better balanced between exciton diffusion length and light penetration depth, we 

need to further optimize the molecular packing and crystallinity of the vacuum-deposited 

film. However, the analytical model was not fully succeeded in describing the dynamics of 

the intermediate samples with thickness of 12 nm and 24 nm, which is most probably 

caused by the complicated interplay between exciton and polaron dynamics.   

The relatively low exciton diffusion length may results in a low current for the 

layered solar cells [10]. To overcome this problem for TV38 molecule, the bulk 

heterojunction architecture can be employed to acquire a high light-to-charge conversion 

efficiency as discussed in the previous chapter. The diffusion length, in turn, can be 

potentially increased by improving the film packing properties in the vacuum-deposited 

layers. 
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3.6 Experimental 

3.6.1 Sample preparation  

In order to track the exciton diffusion process in TV38 layers, vacuum-evaporated 

samples were manufactured by the group of Prof. Jerome Cornil, University of Mons, 

Belgium. Layers of TV38 (figure 3.1a) with variable thickness (6-96 nm) were sandwiched 

between two 20 nm layers of C60 fullerene (figure 3.1b). C60 fullerene was chosen due to its 

relatively low absorption at 560 nm excitation wavelength, which allows us to maximize the 

optical contrast between C60 and TV38 and selectively excite only the TV38 layer. Reference 

samples without C60 layers with same layer thicknesses were also made on glass substrate. 

A C60 layer with 40 nm thickness was also manufactured to examine the neat C60 response.  

For the experimental methods, see Chapter 2. 
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4. General Conclusions and Outlook 

Organic solar cells (OSCs) are perspective alternative to conventional inorganic solar cells. 

Instead of employing inorganic material as active layer, OSCs feature an organic 

light-to-electricity converting materials. The main advantages of organic material for OSCs 

manufacturing are the solution processability which lead to a potentially inexpensive large 

volume production, lightweight and flexibility which result in a wide applicability in 

portable and wearable products. The main disadvantage of organic material which 

significantly limits the development of OSCs is relatively low light-to-charge conversion 

efficiency (13%) Therefore the urgent demand of discovering new materials has been a 

major concern and inspiration of OSC researchers.  

This thesis is focused on studying of initial charge dynamics in a novel conjugated 

asymmetry molecule on an ultra-fast time scale. The initial dynamics are chosen because 

that all the charge generation processes in OSCs start from these initial dynamics, including 

exciton diffusion, exciton dissociation, charge generation and recombination. If there is no 

sufficient charge generated in the initial stage, nothing will help in the whole OSC efficiency. 

Therefore the initial dynamics play a key role in determining the overall efficiency, therefore 

are very important to investigate and interpret in order to design a material with sufficient 

initial charge generation. The intra-molecular (within a molecule) and inter-molecular 

(between neighboring molecules) charge transfer processes are identified and discussed, 

and also  the main charge recombination channels are revealed that limit the long-lived 

charge generation efficiency.  

This thesis is devoted to studying the photophysical properties of a new synthesized 

small molecule TPA-2T-DCV-Me (TV38) in OSC systems; the molecule was synthetized by 

the group of prof. S. Ponomarenko, Institute for Synthetic Polymer Materials, Moscow, 

Russia. This molecule was perspective candidate for efficient OSC donor material because 

of simplified synthesis, which was very promising for mass-scale production. The molecule 

was suitable both for solution processing and vacuum depositing, which enhances its 

applicability as donor material.  

In this thesis, early-time exciton and charge dynamics in solution-processed BHJs and 

vacuum-deposited layers of TV38 have been investigated. The dynamics were studied by 

time resolved visible-pump IR-probe photoinduced absorption (PIA) spectroscopy 

technique. The experiments were conducted in such a way that the sample was first excited 

by an ultra-fast visible laser pulse, and the excited state dynamics were tracked by 

absorption of delayer IR probe pulse. With the polarization sensitive setup arrangement, 

not only the isotropic (population) data, but also the anisotropy data (depolarization 

involved measurements) was tracked.  

In chapter 2, charge dynamics studies of solution-processed bulk-heterojunctions thin 
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films based on TV38 were provided. The charges in BHJ blends with [70]PCBM acceptor 

were generated both via electron transfer from TV38 and hole transfer from [70]PCBM. The 

number of separated charges, however, was limited due to the intramolecular exciton 

recombination in the TV38 phase and/or recombination of interfacial charge-transfer states. 

The amount of long-lived separated charges depended strongly on the TV38:[70]PCBM ratio 

due to the balance between charge generation and recombination channels. With an 

optimal donor/acceptor blend ratio of 1:4, highest charge generation efficiency was 

observed and more than 50% of initially generated charge survived within the experimental 

time window of 2 ns. This offered important guidelines for the device engineering.  

In chapter 3, exciton dynamics of TV38 in vacuum-deposited layered structure were 

demonstrated. By applying the vacuum-deposition method a good control of layer 

thickness was obtained (the vacuum-deposited samples were produced by the group of 

prof. Jerome Cornil, University of Mons, Belgium). From the exciton dynamics, relative low 

exciton diffusion distance of ~10 nm was obtained with an analytical model. On the other 

hand, at the maximum absorption wavelength, light penetration depth reaches an 80 nm 

length, which was indicative of a conflict between light penetration depth and exciton 

diffusion length. Therefore, low exciton diffusion distance might result in a low current for a 

solar cell system due to the limited exciton harvesting. However, vacuum-deposited sample 

might possess a different molecular stacking compare to the solution processed samples, 

which might introduce more inter-molecular interactions and potentially could increase the 

exciton diffusion length, however detailed explanation called for further study.  

Base on the fact that the diffusion distance for TV38 is short, which would largely limit 

the layer thickness which in turn limits the light harvesting. Therefore BHJ architecture is a 

more promising choice for device designing for TV38 molecule. Nevertheless, there is 

another approach for device engineering. Since [70]PCBM has molecular symmetry which 

will lead to better molecular packing, thus a better exciton and charge diffusion distance 

can be achieved in the highly ordered [70PCBM ]films, in this case, TV38 can be used as a 

hole acceptor, and the charge generation is mainly because of hole transfer processes. 

However the absorption cross section for [70]PCBM of sun light is relatively low, so large 

layer thickness is inevitable, then the advantage of better exciton diffusion distance is 

negatively compensated.  

All in all, small molecules demonstrated outstanding and promising prospect for 

organic solar cell material designing. The reason is that they combined advantages of 

polymer such as solubility, broad absorption spectrum and flexibility, with the benefits of 

being small, more stable, suitable for vacuum-deposition and relatively easy to synthesis 

which lead to the probability of large volume production. However, for each molecule 

detailed optimization of the sample preparation procedure is required.  

The methods described in this thesis provide important information both about the 



 

47 
 

intramolecular and intermolecular processes, therefore providing important insights both 

for synthetic chemists and device engineers.   
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