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Chapter 1 
Introduction 

 

 

Abstract 
Over the last three decades, the efficiency of organic solar cells has increased to over 15%. 
In this chapter, an introduction to the current world energy problem is given, together with 
a historical and scientific background in solar energy conversion. Subsequently, the 
development of organic solar cells and materials for these solar cells are discussed. The 
typical device layout, materials and material combinations, and working principle of these 
organic solar cells are explored and summarized. Also measurement techniques for the 
energy levels involved in, for example, charge generation, and general solar cell 
characteristics are described. In the end, the aim and main focus of this thesis are highlighted. 
The main focus of this thesis is on determining energy levels of organic semiconductors, 
either small molecule or polymer, and relating these energy levels to the performance of 
these materials in solar cells. 
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1.1 World energy consumption, climate and energy production 
Since the industrial revolution, the world population and, correspondingly, the world energy 
use have increased exponentially.1- 3 Before the industrial revolution the prime sources for 
energy production were typically renewable such as wood (biomass). During the industrial 
revolution, however, due to the invention of a first practical steam engine, the use of coal 
as energy source found a further increase. The production of paraffin from crude oil, in the 
1870s, was the start of energy production from crude oil, while natural gas has been used 
from the 1880s on.4,5 
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Figure 1.1. Share of total energy production, per energy source, in a) The Netherlands and b) the EU, as reported 
by Eurostat.6 

The share of each energy source for energy production in the Netherlands, as reported by 
Eurostat, is shown Figure 1.1a.6 Compared to all 28 member states of the European Union, 
of which the data are shown in Figure 1.1b, the Netherlands is especially dependent on 
energy derived from natural gas, mainly since the start of the production from the natural 
gas fields in the northern part of the Netherlands in the 1960s.7 The use of renewable energy 
sources, however, is lacking in comparison to all EU member states, and especially to for 
example Malta, where 100% of the energy production is from renewable energy sources.6 
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Figure 1.2. Change in energy production per energy source per year, compared to the production in 2006 (set 
to 100), for the EU. Data from Eurostat.6 
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The main problem with the use of fossil fuels is the emission of carbon dioxide and other 
greenhouse gasses, causing the world temperature to increase by trapping heat.8- 10 The 
reduction of greenhouse gas emission was already agreed on in the Kyoto Protocol of 1997 
and the Paris Agreement of 2015.11,12 In 2016, over the entire European Union, fossil fuels 
(solid fuels, natural gas, and crude oil) were used to a lesser extent compared to 2006 
(Figure 1.2). The same holds for nuclear energy, in which no greenhouse gas emission takes 
place during production, but from which long-time radioactive waste originates.6 

In the 2006 – 2016 period, however, according to Eurostat, the renewable energy 
production increased with 66.5%.6 In the Netherlands, renewable energy mainly originates 
from the combustion of biomass. In this combustion, carbon dioxide is still emitted.13 
However, as biomass is part of the short-term carbon cycle, the total effect on the increase 
in world temperature is considered to be less. Other common techniques for renewable 
energy production are geothermal energy, wind power, hydropower, marine energy, and 
solar energy. 

1.2 Converting the energy of the sun into electricity and the 
limits to solar cell efficiency 
Compared to the other renewable energy sources, solar energy is especially promising 
because, according to the United Nations Development Program, the annual solar energy 
potential lies between 1500 and 50000 EJ. In comparison with to the projected energy 
consumption in 2050, 590 to 1050 EJ, the annual solar energy potential is 1.5 to 84 times as 
high.14 Therefore, it is evident solar energy is a promising renewable energy source that can 
provide sufficient power in the next decennia.15 

Nature already harvests solar energy for millions of years in photosynthesis. Here, simplified, 
carbon dioxide and water are chemically converted into glucose and oxygen, using sunlight 
as source of energy: 

  light
2 2 2 2n

n CO  + n H O  CH O  + n O   (1.1) 

Or, more commonly written as: 

 light
2 2 6 12 6 26 CO  + 6 H O  C H O  + 6 O   (1.2) 

The first step in natural photosynthesis is the absorption of a photon by chlorophyll 
molecules in so-called light harvesting complexes and transferring this energy to the reaction 
center, where a pair of chlorophyll molecules is put in an electronically excited state. The 
excited state chlorophyll pair then transfers an electron to a nearby quinone molecule and 
leaves a hole on the pair. The electron is used to reduce nicotinamide adenine dinucleotide 
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phosphate (NADP+) to NADPH, while the hole is used to oxidize water to oxygen. In 
subsequent reactions, using NADPH and adenosine triphosphate, carbon dioxide is reduced, 
yielding, in total eq. (1.1). Despite the high quantum efficiency of bacteriochlorophyll 
photooxidation, the overall energy conversion efficiency of natural photosynthesis, with ca. 
1%, is rather low.16- 19 

To be able to absorb energy, the energy of the photon has to be equal to or larger than the 
band gap of the material. Already in 1839, Alexandre-Edmond Becquerel discovered the 
photovoltaic effect when a current and voltage were generated upon illumination of silver 
chloride.20 The first solar cell, although of very low performance, was a selenium cell 
reported by Fritts in 1883.21 It took more than a sixty years to develop a more efficient 
solar cell; the first crystalline silicon solar cell, described by Chapin et al. in 1954, reached 
an efficiency of 6%.22 Because of the high material costs, these first silicon solar cells were 
mainly used for space applications. Currently, silicon solar cells are widespread and also 
affordable for common households. Silicon solar cells have now reached 26.7% efficiency, 
only surpassed by the more expensive thin-film gallium arsenide cells at 29.1%.23 

Also in 1954, a cadmium sulfide (CdS) solar cell was reported by Reynolds et al., prepared 
by vapor deposition.24 In later years, apart from an increase in solar cell efficiency, also other 
types of solar cells have been developed.23,25 The CdS solar cells are nowadays thinner than 
the crystalline silicon solar cells, reducing materials costs, and part of the second generation 
solar cells. The second generation of solar cells is characterized by the use of thin films and 
potentially low cost, and includes, amongst others, amorphous and multicrystalline silicon, 
copper indium gallium selenide (CIGS), and cadmium telluride (CdTe) solar cells, for 
example suited for application in curved and flexible devices.26 Record cell efficiencies over 
22% have been reported for these solar cells.23 Thin film photovoltaic technologies, such as 
dye-sensitized, organic, quantum dot, and perovskite solar cells are currently in an earlier 
stage of development but attract strong attention. These cells would enable combining high 
efficiencies with fast solution processing. Especially perovskite solar cells have shown a 
significant increase in efficiency in the last five years, and reached 23.7% of efficiency.27 

The most advanced solar cell types and systems are categorized as the third generation. 
Third generation solar cells provide the best options for high-efficiency solar cells, for 
example via the generation of multiple excitons per incoming photon, carrier multiplication 
or by applying multiple junction solar cells, increasing the absorption window and reducing 
thermalization losses.28- 30 

The maximum efficiency of a solar cell is limited. The detailed-balance limit for single junction 
solar cells was reported by Shockley and Queisser. This Shockley-Queisser limit was found 
to be 30% at a band gap of 1.1 eV, in which the sun and cell were assumed to be blackbodies 
with temperatures of 6000 and 300 K, respectively.31 For the standard solar spectrum and 
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intensity (see Section 1.5) and standard cell testing conditions (298 K), the detailed-balance 
limit is 33.7% for a material band gap of 1.34 eV.32 The main losses in solar cells are 
thermalization and transmission: the surplus in energy of light with an energy above the band 
gap is lost as heat, while photons with an energy below the band gap are not absorbed. 
Furthermore, charges recombine inside the solar cell, reducing the quantum efficiency of 
the solar cell. In a tandem configuration, where two or more separate active layers are used 
on top of each other, transmission and thermalization losses are decreased. For multiple 
junction solar cells the thermodynamic efficiency limit under 1 sun conditions is 42% for a 
tandem and 65% for an infinite stack.33 Using carrier multiplication in both sub cells, 
however, the thermodynamic limit for tandems can even be increased to almost 48%.34 

1.3 Organic solar cells: history and materials 
While the photovoltaic effect in inorganic materials was seen by Becquerel in 1839, it then 
took more than one century before Kearns & Calvin reported the photovoltaic effect in 
organic molecules.20,35 Magnesium phthalocyanine disks coated with oxidized tetramethyl 
p-phenylenediamine generated a very small power of 3 pW upon illumination. The 
conducting properties of phthalocyanines, even without metal ions ligated in them, was 
already known before.36 In these first organic solar cells, the active layer in which light is 
absorbed and converted into power, only consisted of one single material. Upon 
photoexcitation, organic materials produce an excited state that can be considered as an 
exciton, which is a bound state of an electron and a hole. Because the exciton binding energy 
of organic materials, i.e. the energy needed to separate the exciton into free electrons and 
holes, generally exceeds the thermal energy by at least on order of magnitude,37 the power 
conversion efficiency of these single material organic solar cells is very low. The use of a 
combination of two materials, an electron donor and an electron acceptor, was shown to 
improve the efficiency dramatically. The first bilayer organic solar cell, comprising copper 
phthalocyanine and a perylene tetracarboxylic derivative, has been reported by Tang and 
had an efficiency of ca. 1%.38 Over time, the efficiency of these small molecule solar cells has 
been increased to over 10%.39,40 

Apart from small molecules, also polymers have been used in electronic devices. Despite 
the historical belief in the general insulating properties of polymers, after chemical doping, 
Chiang et al. reported conductivity for polyacetylene in 1977.41 In 1991, Sariciftci and 
coworkers reported the extremely fast electron transfer from donor to acceptor when 
they combined poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) as 
a donor material with C60 as acceptor.42 This laid the foundations for the development of 
polymer solar cells. The main focus in the first years of the development of polymer solar 
cells was on polymers as polythiophenes, poly(phenylene vinylene)s, and polyfluorenes in 
combination with fullerenes. These polymers all have a large optical band gap and thus have 
a small overlap with the solar spectrum. The optical band gap of conjugated polymers, 
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however, can easily be tuned via the use of electron-rich and electron-poor regions in the 
conjugated polymer backbone. The concept of optical band gap tuning via donor-acceptor 
polymers was introduced by Havinga et al. in 1992.43 These donor-acceptor polymers have 
lower optical band gaps and an absorption possibly reaching into the near-infrared region.44 
For efficient charge generation, the polymers also should have a high molecular weight.45 
Examples of efficient donor-acceptor polymers are shown in Figure 1.3.46- 48 

The first polymer solar cells comprised the fullerene C60 as an acceptor material.49 The main 
disadvantage of C60 is its large tendency to crystallize, which imparts thin film formation. 
The side chains of [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM, structure shown 
in Figure 1.3), strongly reduced this tendency, but also shifted the energy levels and 
absorption spectrum of the fullerene.50 A further increase in absorption can be gained via 
an enlargement of the fullerene and the use of [6,6]-phenyl-C71-butyric acid methyl ester 
([70]PCBM), which has a higher absorption coefficient in the 300 – 700 nm spectral range 
compared to [60]PCBM, with approximately the same energy levels.51 On the contrary, a 
larger shift in energy levels was obtained using a indene-C60 bisadduct (ICBA) that, in 
combination with poly(3-hexylthiophene) (P3HT), gave an increase in efficiency compared 
to a P3HT:[60]PCBM solar cell, mainly originating from an increased open-circuit voltage.52 
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Figure 1.3. Chemical structures of three donors (PCE10, PDBD-T-2F, PDPPTPT) and two acceptors ([60]PCBM 
and ITIC), previously used in high efficiency solar cells. 

In recent years, increased effort has been put on the development of non-fullerene 
acceptors, which have shown to provide higher solar cell efficiencies. Typically these high-
efficiency non-fullerene acceptors have large fused ring systems (up to seven fused rings) 
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and a distinct absorption in the 600 – 800 nm region, complementary to the absorption of 
the polymer in the high-efficiency solar cells.53- 55 An example of a non-fullerene acceptor is 
shown in Figure 1.3. Using a non-fullerene acceptor and a donor-acceptor polymer an 
efficiency of 15.7% has recently been reported for a single-junction solar cell.56 By combining 
two active layers, as was shown for the first time for an organic solar cell by Hiramoto,57 a 
record efficiency for a tandem solar cell of 17.3% has been reached.58 

Organic solar cells have several advantages compared to silicon solar cells. Apart from form-
freedom and environmentally friendliness, their color tunability and semitransparency 
facilitates better integration in the built environment. A typical example is the African 
Union’s Peace and Security Building in Addis Ababa, Ethiopia. Here, a collection of organic 
semi-transparent solar cells in the shape of the African continent is used in the rooftop.59 

1.4 Working principle of organic solar cells 
1.4.1 Charge generation in organic solar cells 
The first step in power generation in an organic solar cell is the absorption of light. When 
photons with an energy equal to or above the optical band gap are absorbed by the donor 
(D) material in the active layer, an electron is excited from the highest occupied molecular 
orbital (HOMO) of the donor to the lowest molecular orbital (LUMO) of the donor. This 
exciton can decay or, preferably, subsequently diffuse towards the interface between the 
donor and acceptor (A) material. At this interface, the electron is transferred to the LUMO 
of the acceptor, but is still coulombically bound to the hole and forms a charge-transfer 
state. After charge separation, the electron and hole can be transported through the 
acceptor and donor, respectively, towards transport layers and electrodes, where they are 
collected. These steps are illustrated in Figure 1.4. Apart from absorption by the electron 
donor material, also absorption by and exciton generation in the acceptor material occurs. 
This then results in an electron being transferred from HOMOD to HOMOA to leave a hole 
on the donor material and form the charge-transfer state. For efficient charge transfer, 
energy offsets between the two HOMO and the two LUMO levels are necessary to 
overcome part of the exciton binding energy. 

An alternative description of the charge generation, using state diagrams, is provided in 
Figure 1.5. Via absorption of a photon with an energy equal to or larger than the optical 
band gap of the material, a singlet excited stated (S1) is generated. In Figure 1.5a, this is 
shown for absorption by the donor material. This excited state can either decay to the 
ground state, or convert into a charge-transfer state (CT state). When the CT state has an 
energy higher than S1, additional thermal energy is necessary to facilitate the dissociation 
into free charges.60 After overcoming the energy necessary to separate this charge-transfer 
state, the electron and hole are separated and a charge-separated state is generated (Figure 
1.5c). Subsequently, the charges are transported to their collecting electrodes. 
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Figure 1.4. Energy level diagram of charge generation in an organic solar cell, with energy on the vertical axis. 
a) Absorption of a photon by the donor material, creating an exciton. b) Diffusion of this exciton towards the 
donor-acceptor interface. c) Formation of a charge-transfer state. d) Electron transfer from HOMOD to LUMOA. 
e) Diffusion of the electron and hole towards the HTL and the ETL. f) Transfer of the electron and hole to the 
transport layers and electrodes. 

  

 
Figure 1.5. State diagram of charge generation in an organic solar cell. a) Absorption of a photon by the donor 
material, creating a singlet excited state. b) Transfer of the singlet excited state to a charge-transfer state. 
c) Generation of a charge-separated electron-hole pair. 
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1.4.2 Device layout and active layer morphology 
The first organic solar cell, as reported by Tang, had a bilayer architecture, in which the two 
layers of materials are stacked on top of each other.38 A schematic drawing of the device 
structure for such a bilayer solar cell is shown in Figure 1.7a. The active layer, consisting of 
a stack of a donor and an acceptor material, is sandwiched between two selective contacts. 
In the device structure in Figure 1.7a, light penetrates through the glass substrate and indium 
tin oxide (ITO) layer, which serves as a transparent contact. Here, the ITO layer is coated 
with a thin layer of poly(3,4‐ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), 
smoothening the rough surface of the ITO, increasing the work function, providing a better 
alignment of the Fermi level with the HOMO of the photoactive layer, and serving as a 
selective contact for the holes generated in the active layer. On top of this active layer, for 
example, a lithium fluoride/aluminum (LiF/Al) contact can be evaporated to extract the 
electrons.61 Over the years, many different hole and electron transport layers have been 
developed. Typical examples of other hole transport materials are molybdenum oxide 
(MoO3), nickel oxide, and vanadium oxide, all of which are mostly transparent in the visible 
range to reduce parasitic absorption by this transport layer.62,63 Examples of commonly used 
electron transport layers are (photo doped) zinc oxide, titanium oxide, tin oxide, 
ethoxylated polyethylenimine (PEIE), and poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN).64 - 72 The chemical structures of PEDOT:PSS 
and PEIE are shown in Figure 1.6. 
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Figure 1.6. Chemical structure of a) poly(3,4‐ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, 
PEDOT on top, PSS on the bottom) and b) PEIE. For PEDOT:PSS, chain length, conductivity, and dopant level, and 
for PEIE, chain length and conductivity might vary per batch and formulation. 

In organic materials, typically, the (singlet) exciton diffusion length is ca. 10 nm.73 This sets 
an upper bound to the useful thickness of the donor and acceptor layers, and thus limits 
absorption and charge generation. Therefore, nowadays, in most efficient solar cells, the 
donor and acceptor material are intimately mixed and form a bulk heterojunction, 
introduced by Halls et al. and by Yu et al. in 1995.74,75 The schematic device architecture for 
a bulk-heterojunction solar cell, in a regular device configuration, is presented in Figure 1.7b. 

a) 

b) 
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The morphology of this bulk-heterojunction can significantly alter the device performance. 
When the donor and acceptor material are phase-separated and form very large domains, 
with a length scale larger than the exciton diffusion length, not all excitons will be separated 
into free charges, but transport of the generated charges towards the electrodes can be 
efficient. In the other limit, upon very intimately mixing the donor and acceptor, exciton 
dissociation is significantly enhanced, but the charges more easily recombine and transport 
to the collecting electrodes is more complex. Realizing this delicately balanced morphology 
can be realized via adjusting the donor-to-acceptor ratio and via adapting the processing 
conditions, e.g. via the use of co-solvents in the casting solution.76,77 

Concerns about vertical phase segregation, upscaling, stability issues, acidity and parasitic 
absorption of PEDOT:PSS, and limited reflectivity of aluminum have led to the developing 
inverted configuration devices.78- 80 In these inverted devices, the electrons are collected via 
an electron transport layer on the ITO side, such as zinc oxide, and the holes via the back 
electrode (Figure 1.7c). The use of this inverted configuration has previously been shown 
to provide opportunities to increase device efficiency by optimizing photon harvesting.81 
The ZnO is for example known to serve as an optical spacer, shifting the optical electric 
field inside the solar cell as a function of the ZnO layer thickness.82 

 
Figure 1.7. Device structure for a) a planar heterojunction (bilayer) regular configuration organic solar cell, b) a 
bulk-heterojunction regular configuration organic solar cell, and c) a bulk-heterojunction inverted configuration 
organic solar cell. In an inverted configuration bilayer organic solar cell, the donor layer is positioned on top of the 
acceptor layer. 

1.5 Characterization of organic solar cells 
Both organic and inorganic solar cells are characterized under the same standard testing 
conditions. Apart from using room temperature (298 K), solar cells are measured under 
standard illumination conditions, as amongst others the generation of charges in the solar 
cells is illumination dependent.83- 85 The air mass zero (AM0, Figure 1.8) solar spectrum has 

a) b) c) 
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been used for extraterrestrial applications and corresponds to the black body illumination 
spectrum of the sun for an effective temperature of 5780 K.86 However, in most cases, 
AM1.5G is used, corresponding to sunlight at sea level after passing 1.5 times the earth’s 
atmosphere, or a solar zenith angle of 48.19° (Figure 1.8b). The resulting AM1.5G solar 
irradiance spectrum is shown in Figure 1.8a, having a total irradiance power of 
100 mW/cm2.87 The main cause of the reduced solar irradiance in parts of the AM1.5G 
spectrum compared to the AM0 spectrum is the absorption of light by, amongst others, 
ozone in the short-wavelength region and oxygen, water, and carbon dioxide in the long-
wavelength region.88,89 
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Figure 1.8. a) AM0 and AM1.5G solar irradiance spectra, where the shaded area underneath the AM1.5G curve 
corresponds to a power of 100 mW/cm2. b) Schematic drawing of the difference in path length between the solar 
irradiance spectra. 

One of the most common methods to determine the solar cell performance is by 
performing current density – voltage (J–V) measurements on the solar cells, both in dark 
and under illumination.90 Figure 1.9a shows the solar cell characteristics of a polymer solar 
cell in dark (dashed blue line) and under illumination (solid blue line). In the dark, the solar 
cell is a rectifying diode, passing a minimum leakage current in the negative voltage regime 
and a large current at voltages above the built-in voltage. Under illumination charges and 
thus a current and power are generated, displayed by a vertical shift of the J–V curve. On 
this curve, three important points can be distinguished. The short-circuit current density Jsc 
(in mA/cm2) is the net current density through the cell without any external voltage bias 
applied, while the open-circuit voltage Voc (in V) is the voltage at which there is no net 
current flow through the cell. The Jsc and Voc are the maximum current density and voltage, 
respectively, which can be generated upon illumination without the application of an 
external voltage. As the power provided by the solar cell is the product of the current and 
voltage, at the maximum power point (MPP) the power density (in mW/cm2) produced by 
the solar cell, shown in red, is maximum. 

 max MPP MPPP V J    (1.3) 

a) 
b) 
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Figure 1.9. a) Solar cell characteristics in dark (dashed blue line) and under illumination (solid blue line), and the 
power density produced by the corresponding solar cell (red line). The position of Voc, Jsc, VMPP, JMPP, and MPP are 
indicated; the fill factor is defined as the ratio between the dark and light grey shaded areas. b) External quantum 
efficiency of a solar cell, without (grey line) and with a green or red optical bias (green or red line); integration of 
the area under the curve with the AM1.5G solar spectrum gives the accurate Jsc. 

The rectangularity of the J–V curve is, amongst others, influenced by the charge extraction 
in the solar cell. The ratio between the dark and light squares, defined by the products of 
VMPP and JMPP and of Voc and Jsc, respectively, in Figure 1.9a, is the fill factor FF of a solar cell, 
and is a measure for this rectangularity: 

 MPP MPP

oc sc

FF
V J
V J





  (1.4) 

Thus, using eq. (1.4), eq. (1.3) can be rewritten as: 

 max oc sc FFP V J     (1.5) 

As the illumination source in the J–V measurements does not resemble the intensity and 
shape of the AM1.5G spectrum perfectly, for an accurate determination of the short-circuit 
current density, commonly, external quantum efficiency (EQE) measurements are applied 
at short-circuit conditions. An example of an EQE of a polymer solar cell is given in Figure 
1.9b. From the EQE, and thus indirectly the spectral response, by multiplication with the 
AM1.5G spectral irradiance (EAM1.5G), and subsequent integration over the wavelength ( ) 
space, the Jsc can be calculated: 

    EQE
sc AM1.5GEQE d

q
J E

h c


  


 
   (1.6) 

in which q is the elementary charge, h Planck’s constant, and c the speed of light. Because 
the intensity of the probe light in the EQE measurements is very low compared to 1 sun 
conditions, this lower illumination intensity will, for example, reduce bimolecular 
recombination and change space charge effects in the solar cell.91,92 By applying a constant, 

a) b) 
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non-modulated light bias, the charge carrier density at 1 sun operating conditions is 
mimicked and therefore the EQE under this bias illumination resembles that at 1 sun 
conditions. This bias illumination is necessary as the EQE of organic solar cells is not linearly 
dependent on the (probe light) illumination intensity.93 The EQE under light bias, shown in 
Figure 1.9b, is typically lower than that without bias illumination. The Jsc resulting from using 
the EQE under light bias in eq. (1.6) is then used to calculate the power conversion efficiency 
(PCE) of the solar cell, using eq. (1.7): 

 
EQE

oc sc

incident

FF
PCE

V J
P
 

   (1.7) 

with Pincident the incident light power, 100 mW/cm2, equal to the total irradiance light power 
in the AM1.5G spectrum. 

1.6 Band gaps, charge-transfer and trap states in organic solar cells 
For a deeper understanding of the working principle of an organic solar cell, accurately 
determined values for energy levels are required. Here, we describe commonly applied 
methods to determine HOMO and LUMO energy levels, the electrochemical band gap, and 
the optical band gap. Furthermore, some background on charge-transfer states and the role 
of trap states in solar cell performance is given. 

1.6.1 Commonly applied methods for determining HOMO and LUMO 
energy levels and band gaps 
The HOMO and LUMO levels of materials can be determined in several ways. One of the 
most common methods is to derive these levels from electrochemical measurements such 
as cyclic voltammetry, pulse voltammetry, or square-wave voltammetry (SWV). However, 
as for example shown by Holze, cyclic voltammograms for polymers in solution are not 
always reversible.94 Therefore, nowadays, techniques like square-wave voltammetry are 
applied to measure the redox potentials of thin films, and determine the HOMO and LUMO 
level from these redox potentials.95 Furthermore, as the electrochemical and optical band 
gap are not identical, a direct calculation of the LUMO energy level by adding the optical 
band gap energy to the HOMO energy level will not result in the correct value for the 
LUMO energy level.96 

Ultraviolet photoelectron spectroscopy (UPS) is a commonly applied method to determine 
the work function, ionization potential, and Fermi level of a material.97,98 The origin for these 
measurements is the photo-electric effect. When high-energy light is absorbed by atoms at 
the surface of a material, weakly bound electrons are released. This principle was shown by 
Hertz and later explained by Einstein, by Lennard, and by Millikan, relating the energy of the 
light to the work function of the metal.99- 103 In practice, however, the kinetic energy of the 
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electrons released by the material upon illumination with a high-energy light source is 
measured. Polymeric materials not always show clear low binding energy peaks in the UPS 
spectrum.104 Therefore, the ionization potential is determined from the difference between 
the low and high energy onset, and subtraction of this energy difference from the 
illumination energy. Low‐energy inverse photoelectron spectroscopy (LEIPS) can be used 
to determine the LUMO level via spectroscopy.105 

The electrochemical band gap of the material can defined as the difference between the 
HOMO and LUMO energy level: 

 g,electrochemical HOMO LUMOE E E    (1.8) 

The optical band gap of a conjugated material is, in literature, most frequently determined 
by the onset of absorption. However, several methods to determine the optical band gap 
are available and all of them are under discussion.106 Apart from taking this onset, as shown 
for conjugated materials by amongst others Costa et al.,107 and Tauc plots or 
equivalents,108,109 also the energy at which the normalized absorption and emission spectra 
of the material intersect has been used. For voltage loss calculations, Nikolis and coworkers 
recently recommended the use of the energy of the edge of the EQE, as this also takes into 
account the steepness of the EQE.110,111 In this thesis, the onset of absorption is used as 
optical band gap of the materials. 

1.6.2 Charge-transfer states in organic solar cells 
One of the most crucial steps in charge generation in solar cells is the charge transfer of an 
electron from the LUMO of the donor to the LUMO of the acceptor (Figure 1.4c) and the 
corresponding creation of a charge-transfer state (CT state). For the generation of a CT 
state, sufficient offsets between the HOMOs and between the LUMOs are necessary. The 
charge-transfer state energy ECT is related to the energy difference between EHOMO,D and 
ELUMO,A, determined from electrochemical measurements:112,113 

 CT HOMO,D LUMO,AE E E    (1.9) 

Previously, for a large set of oligomers and polymers in combination with acceptor materials, 
the value of ∆, which reflects amongst others the electrostatic interactions between the 
charges and the medium, was found to equal 0.84 ± 0.07 eV.114 In contrast to eq. (1.9), the 
slope of the linear fit of ECT versus |EHOMO,D – ELUMO,A| found in this study was slightly less 
than unity (0.94 ± 0.09 eV/V). 

The energy of the CT state, ECT, is the lowest energy that a state can have at the donor-
acceptor interface, and is therefore also dependent on the domain size and interfacial 
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area.115,116 For efficient charge-transfer state generation, according to Veldman et al., the 
offset between the optical band gap Eg and ECT should be at least 0.1 eV:60 

 g CT 0.1E E   eV (1.10) 

The rate for the charge transfer can be described using Marcus theory:117 
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  (1.11) 

with JDA the electronic coupling between donor and acceptor,   the reduced Planck 
constant,   the reorganization energy, k the Boltzmann constant, T the absolute 
temperature, and ∆EDA the energy difference between the excitonic (DA)* state and the 
(D+A−) charge-transfer state. When the ECT is lower than the optical band gaps of the donor 
and acceptor material, in sensitive EQE measurements, the charge-transfer state is 
manifested as a low-energy shoulder. Extraction of ECT,  , and the f-factor, which includes 
the coupling matrix element squared, from the sensitive EQE measurements can be done 
via fitting this shoulder with an equation based on non-adiabatic Marcus theory:118 

 
 CT

CTEQE ( ) exp
44π

E Ef
E

kTE kT





         
  (1.12) 

Equivalently, in electroluminescence (EL) experiments, the charge-transfer emission can be 
measured and an equation similar to eq. (1.12) can be used to fit and extract ECT.119 The 
intersection of the reduced EL and EQE is at E = ECT. 

The charge-transfer state energy also relates to the Voc of the solar cell, demonstrating the 
importance of the charge-transfer state on the device performance. Assuming all charge 
generation in the solar cell takes place via the dissociation of relaxed charge-transfer states, 
the following relationship holds for the difference between ECT and qVoc:120 

 
 r nr CTC

oc CT ln
k k N

qV E kT
G

        
  (1.13) 

In eq. (1.13), kr and knr are the radiative and non-radiative decay rate constants of the CT 
state, NCTC the number of charge-transfer complexes, and G the generation rate. In practice, 
for most material combinations measured under standard solar illumination conditions, the 
second term of eq. (1.13) reduces to ca. 0.6 eV: 

 oc CT 0.6qV E   eV (1.14) 
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For some high-efficiency solar cells, however, the charge-transfer state is positioned at 
higher energies, and is mainly hidden underneath the regular singlet absorption,121 
decreasing the energy loss between Eg and Voc, increasing device performance. 

1.6.3 Trap states in organic solar cells 
Conjugated polymers are known for their defects, arising either during the synthesis or 
during storage.122- 124 Although it has been claimed that the mobility of P3HT can be 
enhanced upon the introduction of defects using a lithium aluminum hydride or dimethyl 
sulfate treatment,123 in polymer solar cells, defect states and trap states can significantly alter 
device performance.125 This was shown for poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV):PCBM solar cells, where trap states clearly decrease the 
device performance.126  

Weinberg et al. did perform photothermal deflection spectroscopy studies on undoped 
polyacetylene, observing a sub-band gap absorption peak, which would disappear upon 
ammonia treatment.127 Remaining catalyst residues were appointed to cause this extra 
absorption feature. For MDMO-PPV, similar trap states were observed by Kuik et al. and 
Goris et al., marking them as trap states.128,129 Kuik et al. also showed these states are batch 
independent and do not originate from defects in the polymer chains themselves.128 On the 
other hand, Street and coworkers performed UV and X-ray illumination studies on 
P3HT:PCBM and poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole) (PCDTBT):PCBM bulk-heterojunction solar cells, where an increase in 
sub-band gap photocurrent was observed, ascribed to the formation of C-H defects.130 

Electron transport studies by Nicolai et al. on PPV derivatives could be described by a 
Gaussian distribution of trap states.131 Later on, fits to J–V measurements on neat polymer 
diodes showed a uniform electron-trap distribution at –3.6 eV, and density functional theory 
(DFT) calculations were used to explain a role for hydrated oxygen complexes in trap state 
generation.132 

1.7 Aim and outline of the thesis 
In this thesis, we focus on the relationship between energy levels of organic semiconductors 
and the performance of these organic semiconductors in solar cells. Small molecule and 
conjugated polymer semiconductors are taken into account, as both types have been under 
thorough investigation in the past years and both have been used in efficient organic solar 
cells. The aim is to provide more insights into the role of these energy levels in charge 
generation and connect the influence of these energy levels to solar cell performance. 

In Chapter 2, the relationship between the HOMO energy levels of 19 diketopyrrolopyrrole 
(DPP) based copolymers and their Voc in blends with PCBM is investigated. By accurately 
determining these HOMO levels using SWV, UPS, and DFT calculations, the correlation 
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with the Voc is the best for EHOMO,SWV. Interestingly, Voc increases linearly with EHOMO,SWV, but 
with a slope less than unity. Possible reasons for this anomaly compared to previous reports 
are presented. 

Chapter 3 presents the optimization of a setup to measure sub-band gap external quantum 
efficiencies and the corresponding measurement protocol. From these EQEs, the charge-
transfer state energy of polymer:PCBM blends can be extracted directly, or after subtraction 
of the EQE of a polymer in a blend with PCBM and in a blend with ICBA. This subtraction 
technique simplifies the determination of ECT for polymers where ECT is partially hidden 
underneath the regular absorption. 

A method to determine the exciton binding energy from EQE measurements on polymer 
diodes is explored in Chapter 4. After a comparison of experimental results on two 
polymers with recent literature studies, the exciton binding energy of four DPP polymers is 
determined from EQE measurements by comparing primary and secondary onsets of 
photocurrent. The values are found to be larger than the exciton binding energy reported 
in Chapter 2 for the same materials. Furthermore, the EQEs of these polymer diodes show 
a clear device architecture dependence, presumably due to a lower electron mobility than 
hole mobility, and therefore an optical filtering effect is found to affect the shape of the EQE. 

Chapter 5 describes studies on the energetic distribution of trap states in conjugated 
polymers. After ruling out, amongst others, direct triplet absorption, for the appearance of 
sub-band gap transitions in EQE measurements on polymer diodes, oxidation experiments 
with 7,7,8,8-tetracyano-2,3,5,6-tetrafluoroquinodimethane (F4TCNQ) showed a clear 
increase in sub-band gap absorption at an energy equal to that of the trap state signal in the 
undoped material. Although the increase in sub-band gap absorption is reflected in sub-band 
gap EQE, the polaron absorption found in PDS measurements is not seen in these EQE 
measurements. This indicates oxidation plays a role in these trap states, but the signals 
observed are not due to polarons. Translation using the LUMO level of the polymer and 
subsequent fitting suggests all trap states have an approximately equal energy relative to the 
vacuum, but vary substantially in width. A charge-transfer state like transition between the 
HOMO of the pristine polymer and a doped state could possibly provide the sub-band gap 
signals observed in sub-band gap EQE measurements. 

The energetics of singlet fission in pentacene-fullerene solar cells are studied in Chapter 6 
for fullerene derivatives with different LUMO energies. When the LUMO level of the 
fullerene becomes less negative, Voc increases and charge generation, and thus Jsc, decreases. 
For all but one of the fullerenes tested, the ECT determined from EQE measurements is 
above the pentacene triplet energy level and thus is charge generation via the triplet state 
endergonic in these cells. An elementary Marcus model is proposed to explain the results 
semi-quantitatively.  
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Abstract 
For 19 diketopyrrolopyrrole (DPP) polymers the highest occupied molecular orbital 
(HOMO) energies were determined from (i) the oxidation potential with square-wave 
voltammetry (SWV), (ii) the ionization potential using ultraviolet photoelectron 
spectroscopy (UPS), and (iii) density functional theory (DFT) calculations. The SWV HOMO 
energies show an excellent linear correlation with the open-circuit voltage (Voc) of optimized 
solar cells in which the polymers form blends with a fullerene acceptor (PCBM). Remarkably, 
the slope of the best linear fit is 0.75 ± 0.04, i.e. significantly less that unity. A weaker 
correlation with Voc was found for the HOMO energies obtained from UPS and DFT. Within 
the experimental error, the SWV and UPS data are correlated with a slope close to unity. 
The results show that electrochemically determined oxidation potentials provide an 
excellent method for predicting the Voc of bulk-heterojunction solar cells, with absolute 
deviations less than 0.1 V. 
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Organic Solar Cells, Adv. Energy Mater., 2019, 9, 1803677, doi:10.1002/aenm.201803677.  
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2.1 Introduction 
In organic bulk-heterojunction solar cells, the open-circuit voltage (Voc) depends on the 
properties of donor and acceptor materials, the blend morphology, and the experimental 
conditions such as the light intensity and temperature. In recent years, it has become clear 
that the energy of the interfacial charge transfer (CT) state (ECT) plays a crucial role in 
determining Voc.1 When free carrier generation occurs via dissociation of relaxed CT states, 
the relation between ECT and Voc in the notation proposed by Vandewal is:1 

 
 r nr CTC

oc CT ln
k k N

qV E kT
G

        
 (2.1) 

where q is the electron charge, k the Boltzmann constant, T the temperature, kr and knr the 
radiative and non-radiative decay constants of the CT state, NCTC the total volume density 
of CT complexes, and G the generation rate of electron-hole pairs, which is proportional 
to flux of absorbed photons. Note that eq. (2.1) is similar to relations where an effective 
band gap (Eg,eff) was used instead of ECT, defined as the difference between the electron 
affinity of the acceptor and the ionization potential of the donor.2- 4 In agreement with eq. 
(2.1), temperature- and light intensity-dependent measurements have shown that the 
extrapolated values of ECT and Voc, become equal in the T = 0 K limit.5- 7 The second term 
on the right hand side of eq. (2.1) has initially been found to be approximately constant 
(~0.6 eV) for many different donor and acceptor blends when the corresponding cells are 
measured under AM1.5G (100 mW/cm2) conditions at room temperature, such that 
qVoc ∝ ECT.1 Considering that, for efficient charge generation, the optical band gap of the 
blend (Eg) should be equal or larger than ECT, this result is in accordance with the 
experimental observation that for present organic solar cells the minimum photon energy 
loss (Eg – qVoc) is about 0.6 eV.8,9 A recent more detailed study covering a broader range, 
however, provides evidence that the magnitude of the second term on the right hand side 
of eq. (2.1) slightly decreases when ECT increases, resulting in an overall slope of qVoc versus 
ECT that is somewhat larger than unity (qVoc ∝ 1.08 × ECT).10 Because the non-radiative 
voltage loss is high compared to other photovoltaic technologies, the development of new 
organic semiconductors for solar cells is currently focused on decreasing the voltage losses 
incurred in converting solar light. 

The energy of the CT state can experimentally be determined from the optical absorption 
or emission spectra of blends, which are fundamentally related to each other.1,11,12 Most 
commonly it is measured from fitting the low-energy tail of the external quantum efficiency 
spectrum of the solar cell.1 This has the drawback that for the most interesting donor-
acceptor combinations, the CT absorption will be hidden under the S0 → S1 optical 
absorption of the donor or acceptor absorption, because in efficient solar cells the loss from 
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S1 state to CT state would be minimized. Other methods used to determine ECT are 
ultraviolet photoemission spectroscopy and charge modulated electro-absorption 
spectroscopy.13 For designing new materials and photoactive blends it is important to be 
able to predict and understand Voc from the properties of the donor and acceptor alone. 
ECT is related to the energy difference of the highest occupied molecular orbital of the 
electron donor (EHOMO,D) and the lowest unoccupied orbital of the electron acceptor 
(ELUMO,A) used in the bulk-heterojunction blend.14 For mixed stack organic charge transfer 
solids composed of planar aromatic donor and acceptor molecules, ECT has been found to 
be proportional to the difference between the redox potentials determined by 
electrochemical methods and was expressed as:15 

 CT HOMO,D LUMO,AE E E    (2.2) 

in which ∆ is the attractive ion-ion Coulomb interaction between the ion pair. For organic 
CT complexes in solid and solution a similar linear dependence has been found with the 
redox energy levels, however with slopes that are in the range from 0.82 to 0.94, i.e. 
generally slightly less than unity, and sometimes also dependent on the specific class of 
materials.16- 18 The empirical relation: 

 oc HOMO,D LUMO,A 0.3qV E E    eV  (2.3) 

has been the basis of much of the OPV materials design.19- 21 This relation implies that Voc 
increases linearly, with a slope of one, when EHOMO,D becomes more negative. On the other 
hand, the donor and acceptor molecular orbitals may interact at their interface, resulting in 
hybridized energy levels.22 Similarly, a vacuum level shift may occur at the donor-acceptor 
interface as result of an interface dipole.7 In both latter cases the energy difference |EHOMO,D 
– ELUMO,A| increases and Voc would no longer increase with slope one with a decreasing 
EHOMO,D. Predicting the energy level alignment at donor-acceptor interfaces from the 
ionization energy and electron affinity of the organic materials forming the heterojunction 
has been found challenging,23 and hence it is a priori not clear which slope to expect. 

In addition, there is an almost permanent discussion on which technique is most suitable for 
determining the EHOMO,D and ELUMO,A energies accurately. Ultraviolet photoelectron 
spectroscopy (UPS),24 (low-energy) inverse photoemission spectroscopy (IPES and 
LEIPS),25,26 photoelectron yield spectroscopy (PYS) also known as photoelectron 
spectroscopy in air (PESA),27- 29 and cyclic voltammetry (CV) are the main techniques used 
to determine ionization potentials and electron affinities. Each of these techniques, however, 
is susceptible to experimental difficulties. In UPS, there is a difference in the ionization 
energy between molecules at the surface and in the bulk.30 For CV, determining peak 
positions of redox waves can be compromised by the fact that the redox processes may 
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lack electrochemical or even chemical reversibility, which influences the shape of the curve. 
An alternative to CV is square-wave voltammetry (SWV).31,32 Compared to CV, SWV has 
several experimental advantages. In SWV, a square-wave potential is applied on top of a 
stepwise-ramped potential and the current is measured in each step during the application 
of both the forward and backward potential wave. As the charging current decays with time 

(t) as e–t/RC, with RC the effective resistance (R) times capacitance (C) product of the system, 

and the Faradaic current with t–1/2, the charging current in square-wave voltammetry 
experiments is usually negligible.31,33 By plotting the current difference at each potential step, 
only reversible processes are taken into account. The molecular orbital energy (EMO,CV) 
relative to the vacuum level energy can be determined from CV or SWV measurements via: 

  +
onset

MO,CV CV Fc/Fc
E qE E   (2.4) 

with EFc/Fc+ the ionization energy of the ferrocene/ferrocenium (Fc/Fc+) redox couple. Fc/Fc+ 
is one of the redox couples recommended by IUPAC for reporting energy levels in non-
aqueous solvents.34 In literature, there is little consensus about the correct vacuum energy 
level of the Fc/Fc+ redox couple, as values between −4.4 eV and −5.4 eV have been reported 
and used.35 

Recently, several experimental studies of the oxidation potential as obtained from CV 
(Eox,CV) and ionization potential from UPS (IP) have revealed that both quantities are linearly 
correlated, i.e.: 

 ox,CVIP qE    ,  (2.5) 

but that the best-fit slope varies considerably from  = 0.9 to 1.5, depending on the 
material class.36- 40 This would alter the proportionality constant between ECT and 
(EHOMO,D − ELUMO,A). Most of these comparative studies, however did not address the 
question which technique yields the most accurate data to correlate with the Voc for organic 
solar cells. Only in a recent paper by Fahlman et al. it was argued that the precision of the 
CV-derived ionization potentials is not sufficient.40 It is therefore at present not clear which 
experimental technique for determining (EHOMO,D − ELUMO,A) is most suitable for accurately 
predicting Voc. 

Here we determine the HOMO energies of 19 different diketopyrrolopyrrole (DPP) based 
polymers, previously synthesized in our group (Figure 2.1),41 using CV, SWV, UPS, and 
density functional theory (DFT) calculations and correlate these with the Voc of the 
corresponding solar cells in which the polymer is used as donor in combination with [6,6]-
phenyl-C61-butyl acid methyl ester ([60]PCBM) or [6,6]-phenyl-C71-butyl acid methyl ester 
([70]PCBM) as acceptor.  
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Figure 2.1. Structures of the DPP-based polymers displayed in order of decreasing Voc (indicated in parentheses) 
as measured in bulk-heterojunction solar cells with [60]PCBM or [70]PCBM as acceptor. The color coding 
indicated (blue, green, and red for three exemplary materials with a large, intermediate and small Voc, respectively) 
has been used throughout this chapter. 
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Figure 2.1(continued). Structures of the DPP-based polymers displayed in order of decreasing Voc (indicated in 
parentheses) as measured in bulk-heterojunction solar cells with [60]PCBM or [70]PCBM as acceptor. The color 
coding indicated (blue, green, and red for three exemplary materials with a large, intermediate and small Voc, 
respectively) has been used throughout this chapter.  
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DPP-polymer fullerene solar cells can reach power conversion efficiencies over 9%.42- 44 
These polymers consist of an electron-deficient DPP unit which alternates along the chain 
with an electron-rich π-conjugated segment, creating a donor-acceptor type polymer. The 
optical band gap has been tuned from 1.13 to 1.73 eV by changing the π-conjugated segment. 
By employing appropriate synthetic procedures we are confident that adverse homo-
coupling reactions that can strongly effect the energy levels in these alternating co-polymers, 
are virtually absent in the materials studied.45 All experiments have been performed on 
layers applied via the same technique and under controlled circumstances, to maximize 
comparability of the data. This also holds for the morphology of the photovoltaic layers, 
which consists in each case of an intimately mixed blend with nanometer wide semi-
crystalline polymer fibrils.41 We investigate which technique can provide the most accurate 
prediction for the Voc of an optimized solar cell as determined under simulated standard 
solar illumination (AM1.5G spectrum at 100 mW/cm2). We find that, within experimental 
error, the SWV and UPS data are correlated with a slope close to unity, and that Voc is most 
strongly correlated with the oxidation potential as obtained from SWV, but with a slope 
significantly less than unity. Possible reasons for this remarkable result are discussed. 

2.2 Cyclic and square-wave voltammetry 
Cyclic and square-wave voltammetry experiments were performed for all DPP polymers 
shown in Figure 2.1 as thin films on a platinum wire, immersed in acetonitrile containing 
tetrabutylammonium hexafluorophosphate as electrolyte. As an example, Figure 2.2 shows 
the CV and SWV oxidation waves of PDPP2PyT (1), PDPP3T (11), and PDPPTDTPT (18), 
for which the Voc in bulk-heterojunction solar cells with PCBM as the common acceptor, 
varies over a considerable range i.e. from 0.43 to 0.99 V (Figure 2.2 and Table 2.1). Figure 
2.2 shows that not in all cases clear peaks are observed in both CV and SWV. For example, 
the SWV of PDPP3T only shows a broad maximum, for which it is impossible to determine 
a well-defined peak position. Taking the onset, which can be determined as the intercept of 
the tangent in the inflection point with the baseline, is a more consistent method. For most 
polymers, the onset potentials of CV and SWV determined in this way differ only by up to 
±0.05 V, but in some cases capacitive contributions to the redox currents cause an apparent 
shift in the onset potential. Figure 2.2 shows that this shift is especially distinct for 
PDPP2PyT. SWV eliminates this artifact and for these reasons, we focus in the remainder 
on the onset potentials as obtained from SWV. We estimate the accuracy to be ±0.05 V. 
We note that in previous publications that reported the synthesis and photovoltaic 
properties of the DPP polymers discussed here (see references in Table 2.1 for details), CV 
measurements have been performed on the DPP-based polymers in solution or on thin films 
on ITO substrates. Our present results from SWV, for thin films on a platinum wire, 
reproduce the oxidation potential reported previously in all cases where the reported 
oxidation potential was measured on thin films within the measurement uncertainty 
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(±0.05 V). However, the oxidation potential of polymers measured when dissolved in the 
electrolyte solution can differ up to 0.5 V (see Table 2.1). These differences can, at least in 
part, be attributed to the fact that interactions between polymer chains in a solid film affect 
the energy levels compared to molecularly dissolved chains in solution, similar to the well-
known changes in optical band gap when going from solution to film.46 
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Figure 2.2. Square-wave voltammograms (current difference, solid lines) and cyclic voltammograms (current, 
dashed lines) for three selected polymers: PDPP2PyT (1), PDPP3T (11), and PDPPTDTPT (18). The oxidation 
potential (Eox,SWV, Table 2.1) is determined by the intercept of the tangent through the inflection point at the edge 
of the square-wave voltammogram and the baseline. For the square-wave voltammograms, the potential at which 
the onset is taken is indicated with a vertical line. 

The SWV redox potentials (Eox,SWV and Ered,SWV) of all polymers are listed in Table 2.1. The 
polymers with electron-deficient aromatic units flanking the DPP unit such as pyridine-2,6-
diyl or thiazoyl-2,5-diyl groups have the highest oxidation potentials, while those with 
electron-rich selenophene-2,5-diyl or dithieno[3,2-b:2',3'-d]pyrrole-2,6-diyl units have the 
lowest oxidation potentials. As a result of the different combinations of heterocycles used 
in the π-conjugated segments, the oxidation potentials cover a relatively broad range from 
−0.05 to 0.82 V vs. Fc/Fc+. Figure 2.3 shows that the oxidation potentials of the DPP 
polymers (Eox,SWV) and the Voc of optimized solar cells (measured under AM1.5G 
(100 mW/cm2) illumination) in blends with [60]PCBM or [70]PCBM are strongly correlated. 
A linear fit yields: 

    oc ox,SWV0.75 0.04 0.40 0.02V E     [V].  (2.6) 

The R-square value is R2 = 0.94. It is noteworthy that the slope that emerges from the fit is 
less than unity. An alternative way of fitting is the Deming regression,47 which is a technique 
for fitting a straight line to two-dimensional data where both variables are measured with 
error. The Deming regression gives virtually identical results: 

 oc ox,SWV0.77 0.40V E   [V]  (2.7) 

with R2 = 0.94 and is shown as the purple dashed line in Figure 2.3.  
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Figure 2.3. Open-circuit voltage (Voc) of DPP-polymer:PCBM solar cells versus SWV oxidation potentials (Eox,SWV) 
of DPP polymers. The labels indicate the polymers in Figure 2.1. The grey dashed line is a linear regression fit, given 
by eq. (2.6) (slope 0.75, R2 = 0.94). The purple dashed line represents a Deming regression with slope 0.77 and 
R2 = 0.94. 

Whereas the oxidation potentials vary substantially across the set of DPP polymers studied 
over a 0.87 V wide range, the range of variation of the reduction potentials, 0.39 V, is 
relatively small. Hence, the conjugated segments between the DPP groups have smaller 
effect on the LUMO energy than on the HOMO energy. Nevertheless, a clear correlation 
is present with the electronic nature of the aromatic units flanking the DPP unit. Polymers 
with flanking thiazoyl-2,5-diyls have −1.24 V ≥ Ered,SWV ≥ −1.32 V, those with pyridine-2,6-
diyls have −1.38 V ≥ Ered,SWV ≥ −1.43 V, while those with thiophene-2,5-diyls or selenophene-
2,5-diyls have −1.42 V ≥ Ered,SWV ≥ −1.61 V. These rather distinct ranges demonstrate that 
the LUMO extends from the DPP core into the flanking aromatic unit, but to a lesser extend 
into the remainder of the conjugated segment. 

For the DPP polymers the electrochemical band gap, defined as: 

  g,SWV ox,SWV red,SWVE q E E    (2.8) 

is larger than the optical band gap (Eg,opt) determined from the onset of absorption in thin 
films (Table 2.1). Figure 2.4 reveals that the electrochemical gap and optical gap are strongly 
correlated. The dashed line in Figure 2.4 represents a fit with a fixed slope of unity to the 
data: 

  g,opt g,SWV 0.44 0.02E E    [eV] (2.9) 

For most DPP-polymers the optical and electrochemical band gaps adhere to this relation 
(R2 = 0.72), but exceptions are evident, especially for PDPP2PyDTP (8) and to lesser extent 
for PDPP2Py3T (6), PDPP5T (15), PDPPTDTPT (18), and PDPPSDTPS (19). If we view 
Eg,SWV as the single-particle gap (sometimes called the transport gap), the dashed line in 
Figure 2.4 indicates that the effective singlet exciton binding energy is approximately 0.44 eV, 
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quite independent of the specific polymer (apart from the exceptions noted). The average 
effective binding energy Eb, determined empirically as: 

 b g,SWV g,optE E E   (2.10) 

amounts to 0.44 eV and reflects a combination of fundamental effects (such as Coulomb and 
exchange interactions) and experimental effects (such as the presence of electrolyte ions in 
the oxidized or reduced films that may affect the absolute and relative values of the redox 
potentials). We also note that the actual Eb value will depend on how the optical and 
electrochemical gaps are determined. We used the onsets of the absorbance spectrum and 
the square-wave voltammogram as determined by the crossing of tangent in the inflection 
point and the base line. Hence, the value should be treated with caution. The value of the 
singlet exciton binding energy in semiconducting polymers has been subject to intense 
discussions, as it has been notoriously difficult to agree on the method how it can be 
determined experimentally. Many-body theoretical calculations of the excitonic properties 
of conjugated polymers that include the interchain screening of the Coulomb interaction by 
using the bulk dielectric constant, have revealed binding energies of 0.4 – 0.6 eV for a 
number of homopolymers,58 consistent with the present result for donor-acceptor DPP-
polymers. For small-molecule organic semiconductors the singlet exciton binding energy is 
often much larger.37,59- 61 
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Figure 2.4. Correlation between the optical gap and the electrochemical gap. The dashed line is a fit to the data 
with fixed slope 1 and connects points for which the difference between both gaps is equal to 0.44 eV. Several 
polymers that have a smaller difference (6, 8, 15, 18, and 19) are discussed in the text. The optical and 
electrochemical gaps of 3 are equal to those of 7. 

It is of interest to consider why polymers PDPP2PyDTP (8), PDPP2Py3T (6), PDPP5T (15), 
PDPPTDTPT (18), and PDPPSDTPS (19) differ from the other DPP polymers. For 
PDPP2PyDTP (8) the effective binding energy is as low as Eb = 0.16 eV, while for the other 
four it falls in the range 0.31 ≤ Eb ≤ 0.36, still less that the 0.44 eV difference represented 
by the dashed line in Figure 2.4. Out of the entire series of DPP polymers, PDPP2PyDTP 
comprises the most distinct combination of an electron rich unit (DTP, 4H-dithieno[3,2-
b:2',3'-d]pyrrole) and an electron deficient unit (2Py-DPP-2Py, 3,6-di(pyridin-2-yl)-2,5-
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dihydropyrrolo[3,4-c]pyrrole-1,4-dione). In such case it can be expected that the lowest 
excited singlet state has a more pronounced charge-transfer character, in which the positive 
and negative charge density are more localized on different units than for the other 
materials. Because of the localization, the singlet exciton binding energy is reduced. The 
same, but to a lesser extent, holds for the two other polymers that have an electron rich 
DTP unit, i.e. PDPPTDTPT (18), and PDPPSDTPS (19), but for which the thienophene-2,5-
diyl and selenophen-2-yl units that flank the DPP unit are more electron-rich than the 
pyridine-2,6-diyl unit in PDPP2PyDTP (8). For PDPP2Py3T (6) the lower Eb = 0.31 eV, is a 
result of the combination of an electron-deficient 2Py-DPP-2Py segment as in 8, with an 
electron-rich 3T (terthiophene) segment. 3T is more electron rich than 1T and 2T units in 
PDPP2PyT (1) and PDPP2Py2T (2), but less than DTP in PDPP2PyDTP (8). Finally, PDPP5T 
(15) has the longest electron rich segment, combined with DPP, in which case the centers 
of positive and negative charge density of a CT-like absorption are more spatially separated. 

In summary, the effective binding energy for the DPP polymers defined as in eq. (2.10), 
amounts to about 0.44 eV for most DPP polymers, but can be significantly smaller when 
electronically distinct units are alternating along the chain. 

2.3 Ultraviolet photoelectron spectroscopy 
Whereas eq. (2.6) establishes a useful expression that may be used to predict Voc from 
electrochemical experiments, it is of interest to investigate whether the relationship remains 
valid when using alternative methods for determining the HOMO energy. For that purpose, 
the HOMO energy was measured using ultraviolet photoelectron spectroscopy (UPS) on 
thin polymer films on an indium tin oxide (ITO) substrate. As an example, the high-energy 
and low-energy edges of the UPS spectra of PDPP2PyT (1), PDPP3T (11), and PDPPTDTPT 
(18) are shown in Figure 2.5. The HOMO energy was determined from the kinetic energy 
difference, ∆E, between the low-energy secondary-electron emission onset in the UPS 
spectrum and the high-energy edge, using the expression: 

 HOMO,UPS UPS He-IE E E   (2.11) 

where EHe-I = 21.22 eV is the photon energy of the He–I radiation used. The cutoff energies, 
used for determining the HOMO energies were obtained using a tangent method, as 
discussed in the Experimental section. The experimental uncertainty is somewhat larger 
than in the case of SWV, in most cases more close to ±0.10 eV, as a result of the combined 
effects of the instrumental resolution (±0.05 eV) and the uncertainties in determining the 
leading and trailing edge binding energies. In some cases, substructures observed near the 
low-binding-energy edge give rise to a somewhat larger uncertainty. The HOMO energies, 
EHOMO,UPS, are listed in Table 2.1. Consistent with the results obtained from the 
electrochemical measurements, polymers incorporating pyridine-2,6-diyl or thiazoyl-2,5-diyl 
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substituents are found to have the highest ionization energies (most negative HOMO 
energies). 
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Figure 2.5. Ultraviolet photoelectron spectra for PDPP2PyT (1), PDPP3T (11), and PDPPTDTPT (18). a) Near 
the high binding energy edge, where the emission shows a peak due to secondary electrons. b) Near the low 
binding energy edge. The HOMO energy, EHOMO,UPS, is determined by drawing tangents through the inflection points 
in the spectra near both edges, as discussed in the Experimental section. 
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Figure 2.6. Correlation between the HOMO energies, measured using UPS, and the open-circuit voltage of 
optimized solar cells formed by blends with [60]PCBM or [70]PCBM. The grey dashed line is the linear regression 
fit, given by eq. (2.12). The purple dashed line represents a Deming regression with slope 0.69 and R2 = 0.72. 

Figure 2.6 shows the correlation between the measured HOMO energies and the Voc. The 
best fit is given by the expression: 

    oc HOMO,UPS0.62 0.09 2.3 0.5qV E     [eV]  (2.12) 

For this fit R2 = 0.72 is much smaller than R2 = 0.94 obtained for the correlation between 
Voc and the oxidation potential from SWV (Figure 2.4). At least in part, this is due to the 
larger experimental uncertainty involved in the determination of the HOMO values from 
UPS, as discussed above. The largest deviations from the fit line are observed for the 
polymers PDPP2Py2T (2), PDPP2TzDTP (9), and PDPPSDTPS (19). However, for these 
three materials the onset at both spectral edges is clearly defined and the HOMO energy 

a) b) 
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could be quite accurately determined. In this case a Deming regression gives a slightly higher 
slope of 0.69, also with R2 = 0.72. 

Equation (2.12) also suggests a linear relation between Voc and EHOMO with slope less than 
unity. Yoshida has studied the correlation between the Voc of [60]PCBM and [70]PCBM 
based solar cells based on blends with various polymers such as poly(3-hexylthiophene) 
(P3HT), poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT), and 
poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV).62 Voc was 
found to be linearly correlated with the difference between the LUMO energy as 
determined using low-energy inverse photoelectron spectroscopy (LEIPS) and the HOMO 
energy as determined using UPS, in a manner as given by the expression: 

    oc HOMO,UPS,D LUMO,LEIPS,A0.62 0.01qV E E     [eV]  (2.13) 

Making use of the LUMO energy of [60]PCBM that was found in ref. 62, −(3.84 ± 0.04) eV, 
eq. (2.13) can be rewritten as: 

 oc HOMO,UPS,D0.62 2.38qV E   [eV] (2.14) 

which is virtually identical to fit in eq. (2.12). We note that the LUMO energy as obtained 
in ref. 62 for [70]PCBM, −(3.81 ± 0.06) eV, is within the error margin equal to that of 
[60]PCBM. Hence, our results are thus consistent with the empirical finding by Yoshida that 
the Voc varies linearly with the difference between the donor HOMO and the acceptor 
LUMO energies (determined by UPS and LEIPS), with a proportionality constant that is 
significantly smaller than unity. 

2.4 Density-functional theory calculations 
DFT calculations were performed on dimers of the repeat units of the DPP polymers. 
Ionization potential values were calculated by using the ∆SCF method in which the geometry 
of the molecule is first optimized in the electronic ground state. This yields the ground state 
energy which serves as the reference value. Subsequently, an electron is removed from the 
system after which an open-shell DFT energy calculation is performed. The difference 
between the two energies yields the HOMO energy levels, EHOMO,∆SCF,63 listed in Table 2.1. 

Plots of the HOMO wave function for dimers of PDPP2PyT (1), PDPP3T (11), and 
PDPPTDTPT (18) are collected in Figure 2.7, showing the difference in localization of the 
HOMO over the dimers and the strong donor-acceptor character of PDPP2PyT (1). Figure 
2.8 shows the relation between EHOMO,∆SCF and the Voc of solar cells, made using blends of 
the polymer with [60]PCBM or [70]PCBM. As for SWV and UPS there is a clear correlation 
between EHOMO,∆SCF and Voc. A least squares fit gives: 
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    oc HOMO, SCF0.90 0.08 4.2 0.4qV E      [eV] (2.15) 

with R2 = 0.89. Compared to the relation between Eox,SWV and Voc, the spread on the data is 
larger for EHOMO,∆SCF, but less than for EHOMO,UPS and Voc. The slope in this case is close to 
unity. This is confirmed in the Deming regression, which gives a slope of 0.95 (Figure 2.8). 

 
Figure 2.7. Plots of the HOMO wave function from DFT calculations on dimers of PDPP2PyT (1), PDPP3T (11), 
and PDPPTDTPT (18). 
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Figure 2.8. Correlation between the HOMO energies, from DFT calculations, and the open-circuit voltage of 
optimized solar cells formed by blends with [60]PCBM or [70]PCBM. The grey dashed line is the linear regression 
fit, given by eq. (2.15). The purple dashed line represents a Deming regression with slope 0.95 and R2 = 0.89. 

2.5 Correlation between the HOMO energy from SWV, UPS, and 
DFT 
Figure 2.9 shows the correlation between the measured HOMO energies obtained from 
UPS and the oxidation potential measured using SWV, versus Fc/Fc+. The best fit is given by 
the expression: 

    HOMO,UPS ox,SWV0.91 0.13 4.59 0.06E qE     [eV] (2.16) 

DPPDPP 2Py2Py 2Py 2PyT T DPPTT DPPTTT T

T DPP TDTPT DPP TDTP

PDPPTDTPT

PDPP2PyT PDPP3T
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with R2 = 0.74. Similar fits can be made to relate the DFT results to SWV and UPS data: 

    HOMO, SCF ox,SWV0.75 0.08 5.18 0.04E qE      [eV]  (2.17) 

    HOMO, SCF HOMO,UPS0.67 0.09 2.15 0.44E E      [eV]  (2.18) 

with R2 = 0.85 and R2 = 0.77, respectively. 

The standard error found for of the slope in eq. (2.16) suggests that the data can also be 
reasonably fitted with a slope of 1. In this case Deming regression gives a slope 1.07 (Figure 
2.9). Hence, our results cannot be interpreted as evidence for a slope deviating from unity. 
A similar conclusion was recently reached by Wang et al. for ten different conjugated 
polymers where the slope was –(1.03 ± 0.13) and the offset –(4.54 ± 0.08) eV.40 
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Figure 2.9. Correlation between the HOMO energies measured using UPS and SWV. The grey dashed line is the 
linear regression fit given by eq. (2.16). The purple dashed line represents a Deming regression with slope 1.07 and 
R2 = 0.74. 

The spread in the data around the best fit line in Figure 2.9 can be partially attributed to the 
experimental uncertainty of the data points: about ±0.05 eV for EHOMO,SWV and about 
±0.10 eV or in some cases slightly more for EHOMO,UPS. We note that deviations larger than 
these error margins, cannot be explained on the basis of an exceptionally large uncertainty 
in the analysis of the UPS spectra or SWV data. The largest deviation from the best fit is 
obtained for polymer 9 (PDPP2TzDTP) for which Figure 2.6 shows that EHOMO,UPS is more 
negative than the expected value based on Voc. 

Equation (2.16) places EFc/Fc+ at −4.59 eV vs. the vacuum level. Using this value we have 
determined the SWV HOMO energies (EHOMO,SWV) in Table 2.1. We can also use this value 
to determine the LUMO energy level of [60]PCBM using the redox potentials measured 
with SWV.64 Using the experimental value of Ered,SWV = −0.98 V vs. Fc/Fc+ and 

EFc/Fc+ = −4.59 eV, we find a ELUMO,SWV = −3.61 eV for [60]PCBM which is in fair agreement 
with value of −(3.84 ± 0.04) eV found by Yoshida.62 
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Of course, UPS and SWV are not expected to yield in all cases the same value of the HOMO 
energy. Most importantly, the ionization energies probed are electrostatically screened to 
different extents, due to the different local environments in which the ionized molecules 
reside. In UPS, the signal originates predominantly from molecules at the surface, where the 
screening due to the polarizability of the environment is weaker than in the bulk.30 The signal 
as probed by voltammetry of molecules in solution is influenced by the screening by the 
metal electrode and by the electrolyte solution.36 In the case of voltammetry on thin films, 
it is not well known to what extent the ionization process takes place at the outer film 
surface, in contact with the electrolyte, or in the bulk of the thin film. In any case, also the 
presence of the electrolyte and the metal electrode will affect the redox potential. 
Additional complications include (1) the effect of the vacuum surface or the interface with 
the electrolyte on the energetic disorder, (2) the different roles of molecular relaxation 
during the excitation, and (3) the different roles of possible surface or bulk contaminants. 
These effects may also depend on the specific material properties. 

2.6 Correlation between HOMO energies and Voc 
The oxidation potential determined using SWV is a good predictor for the Voc of the DPP 
polymers in combination with PCBM as an acceptor via eq. (2.6). In a recent study Fahlman 
et al. argued that CV estimates of the ionization potential are too imprecise compared to 
the UPS data for determining energy levels at donor-acceptor heterojunctions. Our study 
clearly shows that this is not the case. Moreover, the conclusion of Fahlman et al. is not in 
accordance with our own analysis of their data which shows the same (moderate) 
correlation of Voc with the either Eox,CV (R2 = 0.64) or EHOMO,UPS (R2 = 0.62) (not shown here). 

Remarkably, the slope of the fitted data is 0.75 in eq. (2.6) with a standard error of ±0.04. 
For UPS the slope of 0.62 ± 0.09 is also less than unity (eq. (2.12)), and consistent with the 
value reported by Yoshida.62 Hence, both SWV and UPS experiments reveal that for these 
DPP polymers, and their solar cells with PCBM, the linear correlation between Voc and 
(EHOMO,D − ELUMO,A) has a slope less than unity. In contrast, we note that Scharber et al., in a 
study on 26 different bulk-heterojunction blends, found a correlation with a slope equal to 
1 between Voc and the redox potential difference.21 A linear correlation between Voc and the 
HOMO and LUMO energies with slope 1 has also been seen in various other studies,6,65 
usually for a smaller set of materials, but deviations with slope <1 have also been 
reported.62,66 

At present it is not possible to resolve the discrepancies between these various studies. 
Nevertheless, it is of interest to consider possible explanations for our finding of a slope <1. 
One effect to be considered is the dependence of the generation rate G on the HOMO 
level. DPP polymers with higher HOMO energy tend to have lower optical band gap and 
can therefore generate more charges. For solar cells of the polymers in Table 2.1, PDPP2PyT 
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(Eg,opt = 1.73 eV) gave the lowest short-circuit current density (Jsc) (7.00 mA/cm2),48 while 
PDPPTDTPT (Eg,opt = 1.23 eV) gave the highest Jsc (20.5 mA/cm2),57 i.e. a factor of ca. 3. 
Assuming that G is proportional to Jsc, one would expect a difference of (kT/q)ln(3) = 28 mV 
via eq. (2.1), which an order of magnitude too low to explain a change in slope from 1 to 
0.75. 

One option to explain the reduced slope is that the HOMO of the donor and LUMO of the 
acceptor interact, resulting in a rearrangement of the HOMO and LUMO energy levels of 
the donor and acceptor molecules involved in the formation of the CT state, EHOMO,CT and 
ELUMO,CT, compared to those of the constituents, EHOMO,D and ELUMO,A. One can write the CT 
state energy as: 

 CT LUMO,CT HOMO,CT b,CTE E E E     (2.19) 

in which Eb,CT is the effective binding energy in the CT state and EHOMO,CT and ELUMO,CT are 
the HOMO and LUMO energy levels of the donor and acceptor molecules in the CT state. 
Using perturbation theory EHOMO,CT and ELUMO,CT can be related to those of the non-
interacting constituents, EHOMO,D and ELUMO,A, via: 

 
2 2
DA DA

HOMO,CT HOMO,D LUMO,CT LUMO,A and 
H H

E E E E
E E

   
 

  (2.20) 

provided that the matrix element for the interaction (HDA) is significantly smaller than ΔE, 
defined as: 

 LUMO,A HOMO,DE E E     (2.21) 

Combined with eq. (2.1) and assuming that the second term on the right-hand side of eq. 
(2.1) is constant and is abbreviated as Eloss, one arrives at the relation: 

 
2
DA

oc b,CT loss

2H
qV E E E

E
   


  (2.22) 

Figure 2.10 shows a fit of eq. (2.22) to the data for: 

  ox,SWV,polymer red,SWV,PCBME q E E     (2.23) 

The fit gives HDA = 0.46 ± 0.05 eV and Eb,CT
 + Eloss = 0.99 ± 0.06 eV with R2 = 0.94. We thus 

find that a rearrangement of HOMO and LUMO energy levels in the CT state can explain 
the reduced slope quantitatively using first-order perturbation theory when assuming a large 
interaction energy HDA of 0.4 to 0.5 eV. 



Relating frontier orbital energies from voltammetry and photoelectron spectroscopy to 
the open-circuit voltage of organic solar cells 

45 

0.8 1.0 1.2 1.4 1.6 1.8

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 12
3

45

6
7

8 910
11 12

1314
15

16
17

18

19

qV
oc

 (e
V

)

∆E = q(Eox,SWV,polymer - Ered,SWV,PCBM) (eV)  
Figure 2.10. Open-circuit voltage energy (qVoc) of DPP-polymer:PCBM solar cells versus the difference in redox 
potentials of the DPP polymer and PCBM defined as in eq. (2.23). The grey dashed line is a fit to eq. (2.22). The 
purple dashed line is linear fit with slope 0.75. 

Theoretical studies show that such large transfer integrals exist for co-facially arranged 
charge-transfer donor-acceptor cocrystals at short distances.67,68 It is however far from 
clear if such large transfer integrals are possible in polymer-fullerene blends, where both 
large (~0.3 eV)22 and very small (~0.01 eV)69 transfer integrals have been reported, for 
seemingly similar systems. In addition, a large HDA would likely result in a change of the 
absorption spectra of donor and acceptor. We also note that transfer integrals between 
adjacent molecules in organic materials larger than ~0.01 eV would give rise to 
delocalization of electron and hole states, which is not commonly observed. Other 
theoretical studies have shown that the charge-transfer state energy can vary by 0.2 to 
0.6 eV, depending on the relative orientation of donor and acceptor molecules.70 Via eq. 
(2.1) this would result in a change in Voc of 0.2 to 0.6 V. 

Experimental studies also do not provide a completely consistent insight. In a recent 
experimental study on the energy alignment at pentacene-C60 interfaces, it was shown that 
the HOMO-LUMO gap at the interface varies from 1.50 eV for a face-on orientation to 
0.75 eV for an edge-on arrangement of the molecules.71 This is consistent with earlier work 
in which it was shown that interface energies of sexithiophene depend on the orientation 
of the molecules with respect to the interface.72 On the other hand, the HOMO-LUMO gap 
at the interface between diindenoperylene and C60 was found to be identical to that based 
on the HOMO and LUMO energies of the pristine materials.65 In their review Koch et al. 
conclude that predicting the interface dipole is difficult,23 but from a more recent study on 
blends of five commonly used conjugated polymers with PCBM one can infer that the 
vacuum level shift scales with EHOMO,D.7 The vacuum level shift (∆) and EHOMO,D from ref. 7 
are collected in Figure 2.11. A fit gives: 

    HOMO,D0.33 0.09 1.76 0.43E     [eV] (2.24) 
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Although the number of data points (5) is limited and the correlation (R2 = 0.83) is not 
perfect, the vacuum level shift indeed decreases with more negative EHOMO,D. Because ∆ 
increases the offset between EHOMO,D and ELUMO,A at the donor-acceptor interface, it 
increases the Voc for donors with a low oxidation potential. In fact, when the slope of 0.33 
is added to the slope op 0.75 found in our work, a total slope of 1.08 emerges, which is 
(probably somewhat fortuitously) identical to the slope of 1.08 recently found by Benduhn 
et al. between qVoc and ECT.10 
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Figure 2.11. Plot the vacuum level shift for (∆) five polymer-PCBM blends vs. EHOMO,D. The grey dashed line is a 
fit to the data taken from ref. 7. 

In summary, both theoretical and experimental studies suggest that different molecular 
orientations can give rise to differences in ECT at the donor-acceptor interface, amounting 
up to several tenths of an electron volt. While such deviations can explain the difference 
between a slope 0.75 and a slope of 1, over the ~1 eV range of HOMO energies, they do 
not give a rationale for the result that Voc (and hence ECT) would change in gradual fashion 
with the HOMO energy, which is suggested by the small scatter (<0.1 eV) in the 
experimental data with respect to the fit. Possibly the formation of an interface dipole at 
the DPP polymer – PCBM interface,23 which one can expect to be dependent on the HOMO 
level of the donor, explains the slope of less than 1 found in a plot of Voc versus Eox,SWV 
(Figure 2.3). 

2.7 Conclusions 
In summary, the HOMO energy levels of 19 different DPP polymers have been investigated 
using SWV, UPS, and DFT and have been compared to the Voc of bulk-heterojunction solar 
cells of these polymers as donor in combination with PCBM as acceptor. The polymers, 
solar cells, electrochemical and photoelectron spectroscopy experiments all have been 
prepared, performed, and analyzed with identical procedures. The results reveal that the 
SWV redox potential (Eox,SWV) is the most accurate predictor of the open-circuit voltage 
(Voc). Remarkably the slope of the linear relation between Voc and Eox,SWV is 0.75 ± 0.04, i.e. 
significantly less than 1. 
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The oxidation potentials determined by SWV vs. Fc/Fc+ and the HOMO energies 
determined by UPS are linearly correlated with a slope of 0.91 ± 0.13 eV/V, which 
statistically does not differ from unity. The intercept places the energy of the 

ferrocene/ferrocenium redox couple (EFc/Fc+) at −4.59 eV vs. vacuum. The linear relationship 
between Voc and EHOMO,UPS has a slope of 0.62 ± 0.09 V/eV, in excellent agreement with 
earlier work.62 

Possible reasons for a slope of less than 1 for the relation between the HOMO energy 
measured on the pure donor material and Voc in the blend were discussed. Possibly a dipole 
at the donor-acceptor interface, whose magnitude depends on the HOMO level of the 
donor,7 can explain the result. A full consistent insight, however, requires further 
examination in future work. 

For the DPP polymers, the electrochemical band gap (Eg,SWV, eq. (2.8)) is linearly and with 
unit slope correlated to the optical band gap (Eg,opt). The average difference is 0.44 ± 0.10 eV, 
but actual values vary from 0.16 to 0.56 eV. Low values are found for DPP polymers in which 
there is a more pronounced difference between the electron deficient and electron rich 
moieties that could result in a more localized character of the electron and hole wave 
functions in the excited state. 

In this study we have demonstrated that the oxidation potential determined with square-
wave voltammetry on thin polymer films, as first employed by Hellström et al.,32 is a very 
good and accessible experimental method to forecast the open circuit-voltage of organic 
bulk-heterojunction solar cells. Results from ultraviolet photoelectron spectroscopy 
provide a less accurate prediction. 

2.8 Experimental section 
2.8.1 Cyclic and square-wave voltammetry 
Cyclic voltammetry and square-wave voltammetry measurements were performed inside a nitrogen-
filled glove box using an Autolab PGSTAT30 (Ecochemie, The Netherlands) potentiostat in a three-
electrode configuration. A polymer coated-platinum wire, silver wire, and silver/silver chloride 
(Ag/AgCl) electrode served as working electrode, counter electrode, and quasi-reference electrode, 
respectively. A 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBA PF6) in dry 
acetonitrile served as electrolyte. All potentials are reported versus the ferrocene/ferrocenium redox 
couple (Fc/Fc+). The used ionization energy of ferrocene is 4.59 eV, as derived from a comparison 
with the UPS results in this study. Before each measurement, the platinum wire working electrode 
was cleaned in a roaring blue flame. The polymer films were applied on the platinum wire by dipping 
the wire for several seconds into a 2 mg/mL solution of the polymer in chloroform, which has been 
stirred at 60 °C for at least 2 h. 

For cyclic voltammetry, the potential was step-wise ramped with a step potential of 2.4 mV and an 
average scan speed of 0.1 V/s or 0.126 V/s. No significant difference between the results obtained for 
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these two scan speeds was found. The square-wave voltammetry experiments were performed with 
a step potential of 5 mV and an average scan speed of 0.126 V/s. On each step, a square-wave 
modulation with an amplitude of 20 mV, a period equal to the step length (0.04 s) and a phase such 
that in the first (second) half of the step a potential overshoot (undershoot) is obtained. In order to 
exclude effects of repetitive oxidation and reduction on the voltammogram, all data presented is taken 
from the first scan. The onsets were determined using a tangent method, where the onset is placed 
at the intercept of the linearly extrapolated tangent with the baseline. 

2.8.2 Ultraviolet photoelectron spectroscopy 
The UPS measurements were performed in a multichamber EscaLab II system with a base pressure of 
the analyzer chamber in the lower 10–8 Pa range. The UPS spectra were recorded using He–I radiation 
(photon energy EHe-I = 21.22 eV) generated in a differentially-pumped, windowless discharge lamp. As 
the investigated polymers were sensitive to ultraviolet (UV) radiation, the UV exposure during UPS 
was kept to a minimum at the cost of a higher noise level. The measurements were performed with 
an applied bias of –6 V. 

To prepare the samples for UPS measurements, a 2 mg/mL solution of the polymer in anhydrous 
chloroform was stirred at 60 °C for at least 1 h, in a nitrogen-filled glove box. ITO substrates were 
cleaned by rinsing with acetone and both mechanical rubbing and rinsing with isopropanol, followed 
by a 30 minute UV-ozone treatment. The solution was subsequently spin coated at 2000 rpm for 60 s 
inside the glove box on cleaned ITO substrates. Samples were transferred though air to the UPS setup, 
except for PDPP3T (11), PDPPTPyT (16), PDPPSPyS (17), and PDPPSDTPS (19), which were 
transported in a nitrogen-filled transfer tube to prevent oxidation of the thin layers of these low band 
gap materials. 

The HOMO energy was determined from the kinetic energy difference, ∆E, between the low-energy 
secondary-electron emission onset of the UPS spectrum and of the high-energy edge using eq. 
(2.11), where EHe-I = 21.22 eV. The edge energies were obtained by linearly extrapolating tangents 
through the point of inflection in the low-energy and high-energy slopes to the background level. The 
positions of the onsets are indicated in the spectra. The binding energy is defined with respect to the 
Fermi level: 

 bind f kinE E E    (2.25) 

The Fermi level is located at a kinetic energy of 27.49 eV. 

2.8.3 Density functional theory calculations 
Ionization potential values were calculated by using the ∆SCF method as described in the text. All 
calculations were performed employing the B3LYP functional with a 6-31g* basis set. The NWCHEM 
software package was used for the calculations.73 
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Abstract 
Charge-transfer (CT) states play an important role in charge generation in organic solar 
cells. For efficient solar cells, the CT state energy (ECT) should be close to the optical band 
gap of the organic semiconductors. In such case, the CT absorption overlaps with the 
absorption tail of the organic semiconductor and consequently a reliable determination of 
ECT can be troublesome. This chapter describes the optimization of a spectral setup to 
sensitively measure the sub-band gap external quantum efficiency (EQE) and a protocol for 
extraction of ECT from these data. The sub-band gap EQE was measured for solar cells of 
five different donor polymers in combination with [60]PCBM and ICBA as acceptors. While 
for P3HT in a blend with [60]PCBM the CT state absorption was evident in the EQE 
spectrum, it was less distinct for PCE10 and PDPP5T, and for PDPP2PyDTP and PDPP3T it 
was completely buried under the exponential absorption tail of the polymer. A previously 
reported normalization and subtraction method was further optimized and resulted in the 
successful extraction of ECT and reorganization energy for P3HT, PCE10, and PDPP5T in 
combination with [60]PCBM. For PDPP2PyDTP and PDPP3T the method did not give any 
advantage. 

 

 

 

 

Part of this work has been performed in close collaboration with ir. Edward Imhof.  
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3.1 Introduction 
Despite many efforts and considerable progress in the last decades, the efficiency of polymer 
solar cells is low compared to many other thin-film photovoltaic technologies.1 Nowadays, 
polymer solar cells are often compared to the emerging perovskite solar cells. For state-of-
the-art solar cells with similar optical band gap, the polymer solar cell often has a lower 
short-circuit current density (Jsc), due to a lower external quantum efficiency (EQE), and a 
lower open-circuit voltage (Voc) as shown in Table 3.1, The lower Voc is a consequence of a 
higher minimum photon energy loss, Eloss, defined as the difference between the lowest 
optical band gap of the materials in the active layer, Eg, and the product of the elementary 
charge q and Voc.2 For efficient polymer solar cells, Eloss is usually more than 0.6 eV.2- 6 

Table 3.1. Solar cell characteristics, as reported in the literature reference indicated, for high-performance organic 
(first four entries) and perovskite (last three entries) solar cells. For the polymer solar cells, ECT,est is obtained from 
eq. (3.2). 

Active layer Eg 
(eV) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(–) 

PCE 
(%) 

Eloss 
(eV) 

ECT,est 
(eV) Ref. 

PTB7-DT:[70]PCBM 1.59 0.79 19.6 0.65 10.1 0.80 1.39 7 
PBDTS-TDZ:ITIC 1.58 1.10 17.6 0.65 12.6 0.48 1.70 8 
PBDB-T-SF:IT-4F 1.54 0.88 20.5 0.72 13.0 0.66 1.48 9 
PBDB-T-2F:IT-xCl 1.48 0.84 22.0 0.76 14.2 0.64 1.44 10 

Csx(MA0.17FA0.83)(100-x) 

Pb(I0.83Br0.17)3 
1.61 1.15 23.5 0.79 21.1 0.46  11 

FAPbI3 1.54 1.10 25.0 0.80 22.1 0.44  12 

The Voc of an organic solar cell is related to the energy, ECT, of the charge-transfer (CT) 
state at the donor-acceptor interface. When charge generation in an organic solar cell takes 
place via dissociation of the relaxed CT state, the relation between ECT and Voc proposed by 
Vandewal is:13  

 
 rad non-rad CTC

oc CT ln
k k N

qV E kT
G

        
 (3.1) 

where k is the Boltzmann constant, T the absolute temperature, krad and knon-rad the radiative 
and non-radiative rate constants for decay of the CT state, NCTC the total density of CT 
complexes, and G the generation rate. 

In eq. (3.1), the second term is found to correspond to ca. 0.6 eV for many organic solar 
cells, when measured under standard conditions and 1 sun illumination, yielding a simple 
empirical relation that can be used to predict ECT from the Voc of the solar cell:14 

 CT,est oc 0.6E qV  eV (3.2) 
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For efficient solar cells, ECT,est can be slightly below or even above Eg, as shown in Table 3.1. 
The most extreme case is that for PBDTS-TDZ:ITIC (Table 3.1), where ECT,est equals 
1.70 eV, while the optical band gap is 0.1 eV lower. This shows that for the most efficient 
organic solar cells, Eloss is low and ECT is positioned close to Eg. When this is the case, 
determination of ECT using optical techniques such as photothermal deflection spectroscopy 
or EQE measurements can be challenging because the weak CT absorption band is hidden 
under the strong π-π* absorption band of the organic semiconductor. 
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Figure 3.1. Chemical structures of the polymers and acceptors used in this chapter: P3HT, PCE10, PDPP5T, 
PDPP2PyDTP, PDPP3T, [60]PCBM, and ICBA. 

In this chapter, first, an overview of experimental methods to determine CT state energies 
is given, after which the focus is placed on sub-band gap EQE measurements. The steps that 
have been performed in the optimization of the measurement protocol are described, 
followed by determining the sub-band gap EQE spectra of blends of five donor polymers 
P3HT, PCE10, PDPP5T, PDPP2PyDTP, and PDPP3T with two fullerene acceptors 
[60]PCBM and ICBA (structures shown in Figure 3.1).15- 21 Several methods to extract the 
ECT from the sub-band gap EQEs have been tested, the results and remaining challenges 
encountered are described in this chapter. 
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3.2 Experimental methods for determining charge-transfer state 
energies 
CT states and their energies in organic solar cells have previously been studied using several 
different techniques, of which five commonly used techniques are summarized in this 
section. These techniques have been applied to donor-acceptor systems, either in solution 
or thin film, or as a part of a solar cell. A comparative overview of four experimental 
techniques has been given by Guan et al., who clearly showed that the values for ECT strongly 
depend on the experimental technique used and discussed the origin of the differences.22 

Electroabsorption (EA) measures the change of the absorption coefficient in an electric field. 
Due to the Stark effect, the energy levels of materials change under an applied bias.23 EA is 
often used to determine the built-in voltage in organic devices. For example, Siebert-Henze 
et al. determine the built-in voltage of a N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine 
(MeO-TPD):C60 planar heterojunction solar cell and a N,N'-bis(9,9-dimethylfluoren-2-yl)-
N,N'-diphenyl-benzidine (BF-DPB):C60 bulk-heterojunction solar cell.24,25 Tsang et al. 
reported that a poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole) (PCDTBT):[70]PCBM bulk-heterojunction solar cell shows a clear extra 
sub-band gap feature in the EA spectrum at 1.40 eV, which was assigned to the effective 
band gap, Eeff, caused by direct absorption into the CT state.26 Similar EA measurements 
were also performed by Chen et al.27 on seven different materials and by Guan et al.22 on 
five bulk-heterojunctions. All EA spectra show this extra sub-band gap feature and the 
authors relate the Eeff to the Voc of the solar cell. 

Ultraviolet photoelectron spectroscopy (UPS) in combination with inverse photoelectron 
spectroscopy (IPES) also enables determining the CT state energy. The difference between 
the HOMO energy level of the polymer and the LUMO energy level of the acceptor material 
and the Voc was previously found to correspond to ECT.28,29 By probing these HOMO and 
LUMO energy levels carefully using UPS in donor-acceptor blends, Chen et al. were able to 
calculate the ECT.30 

The absorption coefficient of CT states is very low and regular UV-vis measurements are 
usually insufficient to determine the absorption coefficient of the CT state of the blend.31 
However, photothermal deflection spectroscopy (PDS), a technique developed by Boccara 
et al.,32 can be used to determine the low-intensity absorption of the CT state. In PDS 
measurements, a thin-film sample is placed in an inert fluorinated liquid and illuminated with 
monochromatic light. The heating of the film caused by absorption of light changes the 
refractive index of the solvent close to the film and results in the deflection of a laser probe 
beam passing next to the sample.32 Goris et al. were able to show that the absorption 
spectrum of a poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-
PPV):[60]PCBM blend is clearly different from the superposition of the absorption spectra 
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of MDMO-PPV and [60]PCBM separately. They ascribed it to an absorption by a charge-
transfer complex.31 Subsequently, Vandewal et al. performed a similar study on 2(3),9(10), 
16(17),23(24)-tetrakis[(2-decyltetradecyl)oxy]-29H,31H-phthalocyanine (H2Pc-(OC14,10)4) 
and on neat poly(3-hexylthiophene) P3HT and [60]PCBM, and a P3HT:[60]PCBM blend.33 
The assignment of the extra signal to a CT state absorption was later confirmed by Benson-
Smith et al. for polyfluorene:[60]PCBM blends, together with its role in polymer-fullerene 
solar cells, showing the large potential for determining the CT state absorption using this 
method.34 

Although the quantum yield for radiative recombination of CT states is usually very low, 
photo- and electroluminescence have often been used for determining the CT state energy 
of donor-acceptor blends, both in solution and in thin films or solar cell devices.3,35- 37 The 
CT state emission spectra are generally broad and appear at low photon energies.38- 40 Based 
on the relationships described by Gould et al. and following non-adiabatic Marcus theory, 
Vandewal et al. described an equation, to extract ECT and the reorganization energy,  , from 
the electroluminescence spectra:35,41,42 

 
 2

CTel
CT,ELEQE ( ) exp

44π

E Ef
E E

kTkT





          
  (3.3) 

in which fel is a factor that depends on the matrix coupling element squared between the 
ground and CT state, and E is the photon energy. 

The most frequently used experimental technique to determine ECT is a sub-band gap EQE 
measurement. As CT states have low absorption coefficients, especially compared to the 
prominent singlet absorption in the donor and acceptor materials, characterizing CT states 
by common EQE measurements is difficult. Therefore, more sensitive EQE measurements 
are necessary to accurately measure signals originating from the CT state.43,44 Compared to 
regular EQE measurements, of which the principle is described in Chapter 1, in sub-band 
gap EQE measurements, the EQE is measured over a larger photon energy range and more 
care has to be taken to improve the sensitivity and exclude stray light and electrical noise. 

An alternative method to EQE measurements with chopped monochromatic light is Fourier-
transform photocurrent spectroscopy (FTPS). Already described by Vanecek and Poruba in 
2002 for microcrystalline silicon solar cells,45 this method was first used by Goris et al. in 
2006 for polymer-fullerene solar cells.43 In FTPS, the solar cell to be measured serves as the 
detector for a Fourier-transform infrared spectrometer. For the blends of MDMO-PPV and 
P3HT with PCBM, as described by Goris et al., measurements over nine orders of magnitude 
could be performed and a clear band was observed,43 which was later ascribed to the CT 
state absorption.46 Furthermore, the sub-band gap features found were similar to those 
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found in PDS measurements. Later on, FTPS was also applied on hybrid and perovskite solar 
cells.47,48 

In the EQE spectra, the CT state is often manifest as a shoulder at the low-energy side of 
the optical band gap of the donor and acceptor materials. To extract ECT and   the low-
energy side of the EQE spectrum is fitted to:49 

 
 2

CT
PVEQE ( ) exp

44π

E Ef
E

kTE kT





          
  (3.4) 

In eq. (3.4), f is proportional to the square of the electronic coupling matrix element, the 
film thickness, and the number of CT states per unit volume. 

From eq. (3.3) and eq. (3.4) follows that the intersection of the reduced EL and EQE spectra 
for the same solar cell corresponds to the ECT, and the difference between the maximum of 
either the CT state electroluminescence or absorption and the intersection of these curves, 
equals the reorganization energy.14 

The signal of the CT state in the EQE is not always sufficiently resolved to reliably fit eq. 
(3.4), as was shown for example by Kouijzer et al. where the CT state of different 
PDPP2TBP:[60]PCBM:ICBA ternary blends shifted over a 0.26 eV range and hence became 
indistinct from the regular absorption.50 To circumvent this problem, the EQEs of the 
PDPP2TBP:[60]PCBM and the PDPP2TBP:ICBA solar cells, of which the CT state 
absorption was hidden underneath the regular absorption, were normalized and 
subsequently subtracted. On the resulting ∆EQE, eq. (3.4) could easily be fit.50 

Another option to extract the energy of indistinct CT states was proposed by Brigeman et 
al., who used the orientation of the transition dipole moment versus the substrate to 
selectively probe the absorption of the CT state. By measuring the sub-band gap EQE with 
transverse magnetic and transverse electric polarized light, and calculation of the difference 
between these two EQEs, the anisotropy in CT absorption can be qualified and subsequently 
fit using eq. (3.4).44,51 

3.3 Optimization of sub-band gap external quantum efficiency 
measurements 
3.3.1 Experimental setup 
The more sensitive, sub-band gap EQE measurements are performed in the dark on a 
dedicated setup. A schematic drawing of the sub-band gap EQE setup is shown in Figure 3.2. 
Compared to the setup used for regular EQE measurements, a main difference is the 
halogen lamp which has a fivefold higher intensity of 250 W. The light emitted by this halogen 
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lamp is then mechanically chopped at a frequency of 330 Hz. This chopped light is passed 
through an order sorting filter wheel and a 260 mm monochromator with two gratings 
(600 lines/mm) blazed at 400 and 1000 nm, to set the correct wavelength for the 
measurements. In the filter wheel, six to ten long-pass OD ≥ 5 filters are placed to diminish 
the influence of stray light of lower wavelengths, where the solar cells usually give a higher 
signal due to higher absorption coefficients in this region. An overview of the filters and the 
wavelength region in which they are used can be found in Table 3.2. 

Table 3.2. Overview of long-pass filters used in sub-band gap EQE setup. 
Cut-off wavelength (nm) Use in wavelength range (nm) 

295 300 – 559 
550 560 – 719 
715 720 – 789 
780 790 – 859 
850 860 – 959 
950 970 – 1009 
1000 1010 – 1059 
1050 1060 – 1169 
1150 1170 – 1269 
1250 1270 – 2400 

The monochromatic light then passes through a concave cylindrical lens, to focus the light 
and increase the intensity on the active area of the solar cell. Also, where possible, solar 
cells with a larger active area are used to increase the illuminated area and thus charge 
generation. 

 
Figure 3.2. Schematic drawing of the sub-band gap EQE setup. Light shown in orange lines and electrical signals 
in green lines. The components are placed on an optical table, in fixed positions, and in an air-conditioned 
environment. 

The solar cell to be measured is placed in an electrically insulated nitrogen-filled container, 
behind a quartz window, and contacted with gold contact pins and a LEMO connector 
(Figure 3.3). The current generated by the solar cell is transferred to a pre-amplifier via a 

Filter wheelChopper
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Lock-in amplifier
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Chopper
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triaxial cable which is kept on a distance from other cabling to minimize the chance of 
spurious signals due to induction. After pre-amplification, the signal is used as input for a 
phase-sensitive lock-in amplifier, running in float mode to reduce background noise. 

 
Figure 3.3. Cross-section of the box used for sub-band gap EQE measurements. Apart from the contact pins and 
LEMO connectors, the internal wiring is not shown. 

3.3.2 Scan direction 
Several parameters in the setup described above can be tuned to optimize quality of the 
measurement. The scan direction is one of these. To minimize charging of the sample, 
absorption measurements are usually performed with decreasing wavelength. Charging 
might artificially increase the magnitude of the signal, recorded by the lock-in amplifier as 
the R-value, and thus result in a higher EQE.  
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Figure 3.4. a) Normalized EQE of a PCE10:[60]PCBM solar cell, measured by increasing or decreasing the photon 
energy, showing the negligible effect of the scan direction on the EQE. b) Normalized EQE of a PCE10 polymer 
diode, measured with three different pre-amplifier sensitivity settings, indicating there is no influence of this setting 
the resulting normalized EQE. 

Figure 3.4a shows the sub-band gap region of the normalized EQE of a PCE10:[60]PCBM 
solar cell, measured by increasing and decreasing the wavelength. These spectra show an 
almost perfect overlap in the 1.0 – 1.8 eV region. The point at which the EQE becomes 
more prone to noise is equal for both measurement directions. The effect of the scan 
direction has a negligible influence on the measured EQE. Because in scans with increasing 

a) b) 
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wavelength the point at which the pre-amplifier sensitivity is increased can be found faster, 
measurements were generally performed scanning from low to high wavelength. 

3.3.3 Effect of  pre-amplifier sensitivity setting 
The sub-band gap EQE of a solar cell can range over eight orders of magnitude.44 However, 
the exact intensity of the signal generated by the solar cell can differ between the cells, for 
example due to a difference in absorption. Therefore, pre-amplification of the signal is 
necessary to enable the lock-in amplifier to lock in to the signal. Typically, three pre-
amplification sensitivities were found suited for measurements in the short, medium, and 
long wavelength regime: 200 µA/V, 2 µA/V, and 20 nA/V, respectively. Higher amplification 
might induce extra noise in the signal, or even deformation of the signal measured. To check 
for any influence of the pre-amplifier sensitivity setting on the EQE and investigate if a higher 
sensitivity makes the measurements more accurate, the normalized EQE of a low-
performing, polymer-only, PCE10 diode was measured using three different pre-amplifier 
sensitivities, differing an order of magnitude each: 2 µA/V, 200 nA/V, and 20 nA/V. 

Figure 3.4b shows that the band shape of the low-energy part of all normalized EQEs is the 
same, as was expected when there was no influence of the sensitivity on the signal. However, 
a closer look at the EQEs shows that from 1.4 eV to 1.8 eV, a higher pre-amplification 
results in a negligibly higher normalized EQE. Furthermore, all these normalized EQEs 
present the same base level of EQE, showing this base level is not determined by the solar 
cell, but by the electronics used for these measurements. 

3.3.4 Effect of lock-in amplifier settings 
To further improve the quality of the EQE measurements, two main parameters were 
adjusted on the lock-in amplifier: the time constant and the sensitivity. The time constant of 
the lock-in amplifier is a measure for how much noise is allowed to pass the low-pass filter, 
and, practically, a measure for how fast the system responds to a perturbation. As it typically 
takes at least five times the time constant for the signal to stabilize after a perturbation, for 
example a change in wavelength, the stabilization time was always at least ten times the time 
constant. Furthermore, the time constant needed is also dependent on the magnitude of 
the signal, because especially at a low signal, the signal is closer to the noise level and thus, 
longer time constants are needed in these cases. 

Time constants of 1 s and 3 s were used, in combination with stabilization times of 10 s and 
30 s, respectively, to measure the low-energy part of the sub-band gap EQE of a 
PCE10:ICBA solar cell. The normalized EQEs shown in Figure 3.5a show a perfect overlap 
between 0.85 eV and 1.8 eV, independent on the time constant. At energies below 0.85 eV, 
however, the signal and, thus, EQE show more noise for the EQE measured with a time 
constant of 1 s. Next to less noise, also the signal itself shows a further decrease, showing 
that no full stabilization was present at the end of the stabilization time in this case. 
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However, as measurements using a time constant of 3 s take also a factor three longer, and 
the band shape is usually of sufficient quality for fitting eq. (3.4), in general, a time constant 
of 1 s and stabilization time of 10 s were used. 

The amount of noise on the EQE also highly depends on the sensitivity set at the lock-in 
amplifier. When the signal is measured using too high a sensitivity, part of the signal is lost 
and more noise is introduced, and by measuring with too low a sensitivity, only the 
maximum sensitivity R-value is reported and also in this case information is lost during the 
measurement. Therefore, in the high EQE regime, measurements were performed with an 
automatic change in sensitivity, depending on the magnitude of the signal. The operating 
software was designed to ensure that the measurement range is optimized such that the 
signal is in between 0.25 and 0.95 of the sensitivity selected. 
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Figure 3.5. a) Normalized EQE of a PCE10:ICBA solar cell, measured with time constants of 1 s and 3 s, showing 
the small effect of the time constant on the resulting EQE. b) Normalized EQE of a PCE10:[60]PCBM solar cell, 
measured with a dynamic or fixed lock-in amplifier sensitivity, proving the need for both settings. c) Normalized 
EQE of a PCE10:ICBA solar cell, with no averaging, averaging over 3 measurements and averaging over 5 
measurements, demonstrating the noise reduction by averaging. 

The EQEs of a PCE10:[60]PCBM cell were measured with and without using this option, to 
rule out any influence of the switching in sensitivity and the possible introduction of extra 
electronic noise. The EQEs obtained after normalization are reported in Figure 3.5b. While 
in the higher energy range, from 1.25 eV up to 1.8 eV, the EQEs perfectly overlap, between 
0.85 eV and 1.25 eV, the EQE which is measured using the automatic changing sensitivity is 

a) b) 

c) 
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lower and the inflection point is positioned at a slightly lower energy. Separate 
measurements using a longer time constant, however, showed that the measurements with 
a fixed sensitivity are more accurate at these low energies. Below 0.85 eV, on the other 
hand, the EQE measured with a fixed range is lower and shows less noise on the signal, 
providing sufficient evidence to use a dynamic sensitivity in the high energy range and a fixed 
sensitivity of the lock-in amplifier at lower energies. 

3.3.5 Number of measurements  
Another way to reduce the noise on the measurements, apart from using a higher time 
constant, is by averaging over multiple measurements at the same wavelength. As the 
standard error on top of the data ideally decreases with the number of measurements, 
increasing the number of measurements reduces the noise on the measured EQE, which 
mainly occurs in the low-energy region. Therefore, the sub-band gap EQE of a PCE10:ICBA 
solar cell was measured, averaging the R-values over 1, 3, or 5 measurements at every 
wavelength. 

The (averaged) normalized EQEs, shown in Figure 3.5c, display no clear difference in EQE 
in the region above ca. 0.85 eV. Below 0.85 eV, the signal generated by the solar cell is 
typically very low and therefore more prone to noise. The EQEs with averaging over three 
or five measurements show the expected reduction of noise in the region below 0.85 eV. 
For fitting to extract CT state energies, as will be explained in paragraph 3.5, this smoother 
curve is not of great importance, therefore, no averaging was applied. 

3.3.5. General measurement protocol 
The optimizations described above resulted in the development of a general measurement 
protocol. In general, sub-band gap EQE measurements are performed in 10 nm steps in the 
300 – 1800 nm (4.13 – 0.69 eV) region, using a time constant of 1 s and a delay time of 10 s. 
The measurements are started in the short-wavelength region with a pre-amplification of 
200 µA/V and using a dynamic sensitivity (the autosense option). When the signal drops 
below 10-5 V, the autosense option is switched off and set to a fixed value of 1 mV/nA and 
the pre-amplifier sensitivity is increased to 2 µA/V. Analogously, when the signal drops again 
below 10-5 V, the pre-amplifier sensitivity is increased to 20 nA/V and measurements are 
performed up to 1800 nm. The R-values from the measurements at 2 µA/V and 20 nA/V are 
afterwards divided by 100 and 10000, respectively, to remove this extra amplification, and 
EQE is calculated from the response of the reference cells and the known EQE of these 
cells. The EQE is then scaled using the EQE measured with a fixed aperture, typically at one 
of the peaks, and, as the area of the InGaAs reference is different from the Si reference, the 
EQE versus the InGaAs reference is scaled to this EQE versus Si at 1000 nm. The sub-band 
gap EQE is reported versus the silicon reference from 300 – 990 nm and versus the InGaAs 
reference from 1000 – 1800 nm. 
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3.4 Measuring sub-band gap EQEs for different polymer:fullerene 
blends 
To study the CT states in polymer:fullerene blends with the optimized setup and protocol 
described in the previous sections, solar cells of five different polymers (Figure 3.1) with 
band gaps of 1.3 eV up to 1.9 eV in blends with [60]PCBM were fabricated according to 
previously optimized recipes. In these cells, the active layer was sandwiched between indium 
tin oxide (ITO) covered with poly(3,4‐ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) or with MoO3 as hole collecting contact and LiF/Al as electron collecting 
contact. Furthermore, solar cells with ICBA as an acceptor were fabricated using the same 
recipe for device fabrication as for cells with [60]PCBM, Hence, these conditions might not 
be the optimum for these material combinations. 

The main difference in the J–V characteristics for solar cells with [60]PCBM and ICBA shown 
in Figure 3.6 is an increase in Voc and corresponding decrease in Jsc and fill factor, resulting 
in an lower efficiency for the ICBA cells. The increase in Voc (0.16 ± 0.03 V) for the ICBA 
cells results from the difference in reduction potentials between [60]PCBM and ICBA, which 
is 0.16 V more negative for ICBA.52 The reduced Jsc and FF are, at least in part, due to the 
non-optimized processing of the ICBA blends. The field-dependent current collection seen 
in the ICBA blends under reverse bias suggests a limited charge mobility as a consequence 
of a poor morphology. The strongly reduced performance of the PDPP3T:ICBA cell (Figure 
3.6e) is primarily due to the fact that Eloss will drop below the 0.6 eV threshold for efficient 
charge generation.2-6 Table 3.3 shows that for the PDPP3T:[60]PCBM cell, Eloss equals 
0.66 eV. Consequently, Eloss for the PDPP3T:ICBA cell is expected at ~0.5 eV. Such low 
value inhibits charge generation in polymer-fullerene solar cells.2 Another anomaly in the 
solar cell characteristics is found for the PDPP2PyDTP:PCBM blend, where a poor contact, 
presumably at the MoO3 side, results in an s-shape in the J–V characteristic near open circuit. 
The s-shape in the pristine device was even more pronounced and was reduced by 
illumination with ultraviolet light,53 but could not be fully eliminated. The poor contact 
reduces the performance.  

Table 3.3 lists the estimated CT state energy, ECT,est, calculated using eq. (3.2). For all ten 
solar cells shown in Figure 3.6, the sub-band gap EQEs were measured and are shown in 
Figure 3.7. From these spectra, a first indication of the sub-band gap features and the 
position of the CT state can be obtained. 
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Figure 3.6. J–V characteristics of representative bulk-heterojunction solar cells of a) P3HT, b) PCE10, c) PDPP5T, 
d) PDPP2PyDTP, and e) PDPP3T, in blends with [60]PCBM (in red) or ICBA (in blue). 

The sub-band gap EQE of the P3HT:[60]PCBM solar cell shows two distinct low-energy 
features that can be attributed to (1) absorption by the fullerene at 1.75 eV, below the band 
gap of the polymer at 1.93 eV, and (2) a broad CT state absorption band. The fullerene 
absorption is also found in the EQE of the ICBA blend, at a lower energy (ca. 1.7 eV).21,54 
The CT state absorption, on the contrary, is less obvious in the P3HT:ICBA blend, and 
partly hidden underneath the regular absorption. 

 

a) b) 

c) d) 

e) 
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Table 3.3. Optical band gap of the donor material in film (from literature references 16-19 & for P3HT from own 
measurements), open-circuit voltage and power conversion efficiency of the solar cells used for sub-band gap EQE 
measurements and the respective prediction for the CT state energy, using eq. (3.2). 

Polymer Acceptor Eg,polymer 
(eV) 

Voc 
(V) 

PCE 
(%) 

Eloss 
(eV) 

ECT,est 
(eV) 

P3HT [60]PCBM 1.93 0.58 2.40 1.35 1.18 
P3HT ICBA 0.72 1.72 1.21 1.32 
PCE10 [60]PCBM 1.59 0.78 6.37 0.81 1.38 
PCE10 ICBA 0.96 4.02 0.63 1.56 

PDPP5T [60]PCBM 1.46 0.57 5.19 0.89 1.17 
PDPP5T ICBA 0.77 2.51 0.69 1.37 

PDPP2PyDTP [60]PCBM 1.58 0.72 3.19 0.86 1.32 
PDPP2PyDTP ICBA 0.84 0.51 0.74 1.44 

PDPP3T [60]PCBM 1.33 0.67 3.97 0.66 1.27 
PDPP3T ICBA 0.63 0.09 - - 

The PCE10:[60]PCBM and PDPP5T:[60]PCBM sub-band gap EQEs show a less-pronounced 
sub-band gap charge-transfer state absorption (Figure 3.7b,c) than the P3HT:[60]PCBM 
blend. For the corresponding blends with ICBA, however, the absorption decays 
exponentially with photon energy.55 Estimating the CT state energy from the position of 
these shoulders would be debatable for the two [60]PCBM blends, and for the ICBA blends 
impossible. In the PCE10:ICBA sub-band gap EQE, an extra peak is seen at ca. 1.22 eV. In 
this region absorption by C60

− anions has been reported.56 Although the exact nature of this 
peak is not known, and anion absorption spectra of ICBA have not been reported in 
literature, this peak is tentatively ascribed to ICBA anions. Also for the P3HT:ICBA and 
PDPP5T:ICBA blends, features in the EQE at 1.22 eV can be discerned.  

While for the first three polymers a sub-band gap shoulder due to the CT absorption was 
visible, no shoulder characteristic of a CT state can be observed for blends of PDPP2PyDTP 
and PDPP3T with [60]PCBM (Figure 3.7d,e). Therefore, direct extraction of the CT state 
energy was impossible. 
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Figure 3.7. Sub-band gap EQEs of solar cells made with a) P3HT, b) PCE10, c) PDPP5T, d) PDPP2PyDTP, and 
e) PDPP3T in combination with [60]PCBM or ICBA. 

3.5 Fitting of sub-band gap EQE spectra to extract ECT 
Eq. (3.4) can be fitted to the sub-band gap EQE data to extract ECT,  , and the f-value. 
Because the CT state absorption in the P3HT:[60]PCBM cell is clearly seen, a direct fit of 
eq. (3.4) to the sub-band gap EQE is possible. However, a fit on the less distinct CT state 
EQE shoulder for the PCE10:[60]PCBM and PDPP5T:[60]PCBM is more prone to 
uncertainties. Therefore, the previously proposed method of Kouijzer et al. of normalizing 
both the sub-band gap EQE of the PCBM and ICBA blend and subsequent subtraction to 
create a ∆EQE was used to aid the fitting process.50 Normalization of the EQE was 
performed at a photon energy close to the optical band gap of the polymer. This provided 

a) b) 

c) d) 

e) 
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more consistency in the results, also for blends with a very high polymer concentration, 
than normalization on the global maximum of the EQE. 

Figure 3.8 shows the normalized EQEs of P3HT, PCE10, and PDPP5T in combination with 
[60]PCBM and ICBA, together with the resulting ∆EQE. Because the normalized EQE of the 
polymer:ICBA solar cell can be higher than that of the polymer:[60]PCBM cell the ∆EQE 
can be negative in regions above the optical band gap and therefore not visible in these 
logarithmic plots of ∆EQE. For PCE10:[60]PCBM and PDPP5T:[60]PCBM, the CT state 
absorption band was more distinct in the ∆EQE than in the regular EQE. Therefore, fitting 
eq. (3.4) to ∆EQE is more straightforward than fitting to the EQE. A comparison is given in 
Figure 3.10 and Table 3.5 in the appendix. While the use of the ∆EQE simplifies the fitting 
process for ECT and  , the information about the f-value is lost in the normalization and 
subtraction. Therefore, to enable extraction of the f-value, the ECT and   from the fit on 
the ∆EQE were used in a fit of eq. (3.4) on the regular sub-band gap EQE. 

The final fits are shown in Figure 3.8 and the corresponding parameters are collected in 
Table 3.4. Where the fit was already almost perfect for the P3HT:[60]PCBM cell when 
performed on the regular EQE, the use of the ∆EQE fit parameters on the non-normalized 
sub-band gap EQE enabled extraction of the ECT,  , and f of indistinct CT states, and fitting 
was possible over at least three orders of magnitude.  

The values reported in Table 3.4 are in fair agreement with results previously obtained. 
Vandewal et al. reported ECT = 1.14 eV and   = 0.27 eV for P3HT:[60]PCBM.14 Li et al. 
showed a fitted curve for PCE:[60]PCBM, but did not report the fit parameters.57 A re-fit 
(not shown) suggests that they found ECT ≈ 1.43 eV and   ≈ 0.13 eV. The considerably 
smaller  -value of 0.13 eV, compared to 0.23 eV found in this work, is a result of the fact 
on the rising flank of the CT absorption shoulder, eq. (3.4) is not very sensitive to  . In this 
case the ∆EQE method is expected to give more reliable results. Next to differences in 
fitting, differences in device layout, processing, and details of the polymer batch use also will 
lead to subtle changes in the parameters. 

Although ECT and ECT,est are similar for P3HT:[60]PCBM, Table 3.4 shows a larger difference 
between the estimated and measured ECT for PCE10:[60]PCBM and PDPP5T:[60]PCBM. 
Hence, for these blends the difference between qVoc and ECT is larger than the average value 
of 0.6 eV used in eq. (3.2).14 The f-values in Table 3.4 differ by two orders of magnitude. 
The f-value increases when ECT comes closer to Eg, suggesting that the main difference in 
the blends is not the concentration of CT states, but rather the electronic coupling matrix 
element. 
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Table 3.4. Open-circuit voltage, predicted ECT,est from eq. (3.2), and results for fitting of eq. (3.4) on three different 
polymer:[60]PCBM blends. 
Polymer Voc (V) ECT,est (eV) ECT (eV)   (eV) f (eV2) qVoc

 – ECT (eV) 
P3HT 0.58 1.18 1.21 0.30 0.0003 0.63 
PCE10 0.78 1.38 1.47 0.23 0.02 0.69 

PDPP5T 0.57 1.17 1.29 0.24 0.0015 0.72 
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Figure 3.8. Normalized EQE and ∆EQE for a) P3HT:fullerene (normalized at 2.07 eV), c) PCE10:fullerene 
(normalized at 1.75 eV), e) PDPP5T:fullerene solar cells (normalized at 1.75 eV), and EQE, fitted in the sub-band 
gap region, using eq. (3.4) and the method described in this section, for b) P3HT:[60]PCBM, d) PCE10:[60]PCBM, 
f) PDPP5T:[60]PCBM solar cells. 

  

a) b) 
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For the PDPP2PyDTP:[60]PCBM solar cell, normalization of the sub-band gap EQE as 
depicted in Figure 3.9a reveals only minor differences between the [60]PCBM and ICBA 
blends in the range from 1.3 to1.6 eV where the ECT is expected. In this range the EQE is 
dominated by the regular absorption (Urbach tail).55 In this case ∆EQE is very small and the 
subtraction method offers no advantage or possibility to determine ECT. 

For the PDPP3T:fullerene solar cells, the performance and sub-band gap EQE is almost three 
orders of magnitude lower than that of the PDPP3T:[60]PCBM cell because of is very low 
Eloss. After normalization, ∆EQE was only positive in the 1.25 – 1.45 eV region (Figure 3.9b). 
However, due to the uncertainties no credible fit of eq. (3.4) could be made. 
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Figure 3.9. Normalized EQE for a) a PDPP2PyDTP:[60]PCBM and a PDPP2PyDTP:ICBA solar cell (normalized at 
1.68 eV) and b) a PDPP3T:[60]PCBM and a PDPP3T:ICBA solar cell (normalized at 1.46 eV), and their respective 
difference in EQE, ∆EQE. 

3.6 Conclusions 
An overview of the most frequently used methods to determine the CT state energy in 
organic donor-acceptor blends has been given, with emphasis on sub-band gap EQE 
measurements. Subsequently, a setup on which sub-band gap EQEs can be measured was 
optimized and the influence of several parameters such as time constant, pre-amplifier 
sensitivity, and number of measurements was tested, and found to be of small influence on 
the quality of the resulting spectrum, Solar cells with an active layer of five different polymers 
with either [60]PCBM or ICBA were successfully fabricated and evaluated. The sub-band 
gap EQEs of the solar cells were measured, and showed a clear CT band for the 
P3HT:[60]PCBM, a shallow, indistinct shoulder of a CT band for the PCE10:[60]PCBM and 
PDPP5T:[60]PCBM, and no signatures of a CT absorption for PDPP2PyDTP:[60]PCBM and 
PDPP3T:[60]PCBM. Normalization of the EQEs for [60]PCBM and ICBA cells near the 
optical band gap of the polymer and subsequent subtraction, resulted in a ∆EQE spectrum. 
The fit of a Gaussian equation based on non-adiabatic Marcus theory (eq. (3.4)),49 to this 
∆EQE was found to be of better quality than the fit to the sub-band gap EQE of the 
[60]PCBM blend itself. Using the ECT and   from the fit on the ∆EQE data in a fit onto the 
sub-band gap EQE of the [60]PCBM blend solar cell, the f-value could be extracted for the 

a) b) 
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indistinct CT states in the PCE10:[60]PCBM and PDPP5T:[60]PCBM solar cells. The 
normalization and subtraction procedure was not necessary for the P3HT:[60]PCBM solar 
cell, while it was unsuccessful for the PDPP2PyDTP:[60]PCBM and PDPP3T:[60]PCBM solar 
cells. 

3.7 Experimental section 
3.7.1 Materials 
All solvents and co-solvents were obtained from commercial suppliers and used without any further 
purification. PCE10, P3HT (≥99.995% trace metals basis), and PDPP5T were obtained from 1-Material 
Ltd., Sigma-Aldrich, and BASF, respectively. [60]PCBM (99%) was purchased from Solenne b.v. (The 
Netherlands) and ICBA from Lumtec (Taiwan). PDPP3T and PDPP2PyDTP were synthesized by 
coworkers according to procedures described in literature.18,19 

Patterned ITO-coated glass substrates were obtained from Naranjo Substrates (The Netherlands). 
PEDOT:PSS (CLEVIOSTM P VP AI 4083) was purchased from Heraeus Deutschland GmbH & Co. KG 
(Germany). 

3.7.2 Solar cell and thin film fabrication 
Patterned ITO substrates were cleaned by ultrasonication in acetone, followed by rubbing with an 
aqueous solution of sodium dodecyl sulfate, ultrasonication in an aqueous solution of sodium dodecyl 
sulfate, rinsing with demineralized water, and ultrasonication in 2-propanol. Just before spin coating, a 
30 minute treatment with UV-ozone was applied. The PEDOT:PSS dispersion was filtered using a 
0.45 µm PVDF filter and then a ca. 40 nm thick PEDOT:PSS layer was deposited via spin coating, in 
air, at 2000 rpm for 60 s, followed by the active layer as detailed below for each blend. As top 
electrode, 1 nm lithium fluoride and 100 nm aluminum were thermally evaporated at a pressure below 
5 × 10-7 Torr. The active area of the solar cell was 0.09 cm2 or 0.16 cm2. 

P3HT:acceptor solar cells: the PEDOT:PSS layer was annealed, inside a nitrogen-filled glove box, at 
120 °C for 5 min. 20 mg/mL P3HT and 20 mg/mL of either [60]PCBM or ICBA were dissolved in 
ortho-dichlorobenzene, by stirring at 80 °C for at least 1 h. Just before spin coating, the solution was 
stirred at room temperature for 1 min. Spin coating was performed inside a nitrogen-filled glove box, 
at 500 rpm for 300 s, followed by thermal annealing of the active layer at 110 °C for 30 min. 

PCE10:acceptor solar cells: 10 mg/mL PCE10 and 15 mg/mL of either [60]PCBM or ICBA were 
dissolved in chlorobenzene with 3% 1,8-diiodooctane as a co-solvent, by stirring at 90 °C for at least 
1 h. Just before spin coating, the solution was stirred at room temperature for 1 min. Depositing was 
performed by spin coating inside a nitrogen-filled glove box, at 2000 rpm for 60 s. 

PDPP5T:acceptor solar cells: 6 mg/mL PDPP5T and 12 mg/mL of either [60]PCBM or ICBA were 
dissolved in chloroform with 5% ortho-dichlorobenzene as a co-solvent, by stirring at 90 °C for at least 
1 h. Just before spin coating, the solution was stirred at room temperature for 1 min. Spin coating was 
performed inside a nitrogen-filled glove box, at 2000 rpm for 60 s. 
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PDPP2PyDTP:acceptor solar cells: 10 nm molybdenum oxide was thermally evaporated at a pressure 
of ~8 × 10-7 Torr and used instead of PEDOT:PSS. 6 mg/mL PDPP2PyDTP and 18 mg/mL of either 
[60]PCBM or ICBA were dissolved in chloroform with 5% 1,8-diiodooctane as a co-solvent, by stirring 
at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at room temperature for 
1 min. Spin coating was performed inside a nitrogen-filled glove box, at 3000 rpm for 60 s. 

PDPP3T:acceptor solar cells: 3 mg/mL PDPP3T and 9 mg/mL of either [60]PCBM or ICBA were 
dissolved in chloroform with 7.5% ortho-dichlorobenzene as a co-solvent, by stirring at 90 °C for at 
least 1 h. Just before spin coating, the solution was stirred at room temperature for 1 min. Spin coating 
was performed inside a nitrogen-filled glove box, at 1000 rpm for 60 s. 

3.7.3 Solar cell and optical characterization 
The J–V characteristics of the solar cells were determined by a current-voltage sweep using a Keithley 
2636 or Keithley 2400 source-measurement unit. 100 mW/cm2 illumination (white light) was provided 
using a tungsten halogen lamp, with Hoya LB120 daylight and Schott GG385 UV filters between lamp 
and sample, inside a nitrogen-filled glove box. Regular EQE measurements were performed using a 
50 W Philips Focusline tungsten-halogen lamp, which was modulated using a mechanical chopper, and 
was passed through an Oriel Cornerstone 130 monochromator. The cell was placed in a nitrogen-
filled box and its response was recorded as the voltage from a Stanford Research Systems SR570 
preamplifier using a SR830 lock-in amplifier. Light bias was applied using a Thorlabs 530 nm or 730 nm 
LED at 1 sun intensity, or as close to the 1 sun intensity as possible. As a reference, a calibrated silicon 
cell was used. The current density reported was obtained from integrating the EQE spectrum under 
530 nm or 730 nm light bias with the AM1.5G solar spectrum. For the PDPP2PyDP solar cells, UV 
illumination for 10 min was applied before the J–V measurements. 

Sub-band gap EQE measurements were performed using an Osram 64655 HLX 250 W halogen lamp, 
of which the light was chopped using an Oriel 3502 optical chopper. The light was subsequently passed 
through a Cornerstone 260 monochromator (CS260-USB-3-MC-A). The cell was placed in a nitrogen-
filled box and its response was recorded as the voltage from a Stanford Research Systems SR570 
preamplifier using a SR830 lock-in amplifier. No extra bias light was applied in the sub-band gap EQE 
measurements. As a reference, a calibrated silicon and InGaAs cell were used. The results of the sub-
band gap EQE measurements were corrected for cell area using regular EQE measurements. For both 
regular and sub-band gap EQE measurements, the solar cells were placed in a nitrogen-filled container 
behind a quartz window. 

  



Extracting energies of indistinct charge-transfer states from sub-band gap external 
quantum efficiency measurements 

75 
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Figure 3.10. EQE, fitted in the sub-band gap region, using eq. (3.4) and the ∆EQE method and fitted to the EQE 
directly, for a) P3HT:[60]PCBM, b) PCE10:[60]PCBM, c) PDPP5T:[60]PCBM solar cells. 

Table 3.5. Results for fitting of eq. (3.4) to the EQE of three different polymer:[60]PCBM blends, using two 
different methods. 

Polymer Fit using ∆EQE method Fit directly to EQE 
ECT (eV)   (eV) f (eV2) ECT (eV)   (eV) f (eV2) 

P3HT 1.21 0.30 0.0003 1.23 0.36 0.0008 
PCE10 1.47 0.23 0.02 1.45 0.20 0.008 

PDPP5T 1.29 0.24 0.0015 1.30 0.30 0.01 
 

  

a) b) 

c) 
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Abstract 
The first step in charge generation in an organic solar cell is the formation of an exciton by 
absorption of light. In Chapter 2, the exciton binding energy, Eb, the energy necessary to 
split the exciton into free electrons and holes, has been estimated from the difference 
between electrochemical and optical band gaps. For a set of 19 DPP polymers, the average 
Eb was 0.44 eV. This chapter investigates the merits of an alternative method to determine 
the exciton binding energy. The method involves measuring the external quantum efficiency 
(EQE) on polymer diodes in which the binding energy corresponds to the difference 
between the optical band gap and the transport gap as determined from primary and 
secondary onsets of photocurrent in the EQE spectrum. For PDPP2PyDTP, PDPP5T, 
PDPP3T, and PDPPTDTPT this method provided exciton binding energies that were higher 
than reported before, with an average of 0.50 eV, mainly because of a difference between 
the transport band gap and electrochemical band gap. Apart from uncertainties in 
determining the photon energy of the secondary onset, the shape of the EQE is different 
for regular and inverted configuration devices. Due to the lower mobility of electrons in 
these materials, a change in region from which charges are extracted and a concomitant 
optical filtering effect, by the first part of the active layer of the polymer diode in regular 
configuration, can explain the difference in EQE shape. This affects the reliability of exciton 
binding energies determined from EQE measurements. 
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4.1 Introduction 
Organic semiconductors are an interesting class of materials for future energy production. 
While initially low costs were seen as an important asset of organic solar cells,1 nowadays 
color tunability, semi-transparency, and form-freedom are considered as the unique 
characteristics. Typically, the active layer of these organic solar cells contains an intimate 
mix of π-conjugated donor and acceptor materials, either polymers or small molecules.2 
Upon absorption of a photon by a conjugated material, a bound electron-hole pair, or 
exciton, is generated. The minimum energy to separate the electron and hole and generate 
free charges is referred to as the exciton binding energy, Eb.3 For organic molecules and 
polymers, the exciton binding energy is much higher than for inorganic semiconductors such 
as gallium arsenide, because of the low relative dielectric constant.4 Koster et al. have argued 
that by increasing the dielectric constant, and thus reducing the exciton binding energy, the 
efficiency of polymer solar cells can be increased.5 

One commonly applied method to estimate the singlet exciton binding energy is by 
determining the energy difference between the electrochemical (Eg,SWV) and optical (Eg,opt) 
band gaps:6 

 b g,SWV g,optE E E     (4.1) 

Admassie et al. measured the electrochemical and optical band gaps of alternating 
polyfluorene (APFO) copolymers, observing a difference not exceeding 0.15 eV.7 In Chapter 
2, we used this method to determine Eb for 19 diketopyrrolopyrrole (DPP) polymers and 
found it to be 0.44 eV on average. However, values varied between 0.16 eV and 0.56 eV.8 
Equation (4.1) also shows that in the calculation of an unknown HOMO or LUMO energy 
level using the optical band gap and the known LUMO or HOMO energy, large deviations 
from the actual value can be expected, as commented on by Brédas.6 

Also other techniques to determine Eb have been explored. For example, Alvarado et al. 
determined the exciton binding energy of poly(9,9’-dioctylfluorene) (PFO) and poly[(2-
methoxy-5-dodecyloxy)-1,4-phenylene vinylene-co-1,4-phenylene vinylene] from injection 
energies, resulting in Ebs equal to 0.36 eV and 0.30 eV, respectively.9 The Onsager-Braun 
model and photoluminescence measurements gave Eb = 0.33 eV for poly[(2-methoxy-5-
(3’,7’‐dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV).10 Photoconductivity 
measurements on poly(phenylene vinylene)s (PPVs) by Rothberg et al. also provided 
evidence for a large exciton binding energy, but exact values for Eb were not given.11 Later, 
Moses et al. obtained a very low Eb of only 0.06 eV using similar photoconductivity 
measurements.12 

Also theoretical approaches to determine Eb have been used extensively. One of the first 
materials for which the exciton binding energy was calculated was PPV, providing a 
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theoretically-calculated Eb of 0.4 eV, corresponding to a certain degree to experimentally 
determined values.13,14 Many-body calculations, as performed by Van der Horst et al. gave 
exciton binding energies for polymers between 0.4 and 0.6 eV,15 and calculations by Zhu et 
al. show exciton binding energies over 0.3 eV for acceptor materials.16 For other small 
molecules, however, the exciton binding energy was found to be significantly higher than 
the exciton binding energy in polymers.17- 19 

An approach more directly connected to solar cells is measuring the external quantum 
efficiency (EQE) of neat polymer diodes, a method previously used by Deibel et al. for 
poly(3-hexylthiophene) (P3HT) (Figure 4.1).20 The basis for this method was already shown 
in 1965 by Castro and Hornig in their study on charge generation in anthracene single 
crystals.21 Upon illumination, even in neat polymers, charges are generated,22 which can be 
transported towards the electrodes in polymer diodes. The EQE spectrum of neat P3HT 
shows an onset at low photon energies corresponding to the optical band gap.20 At these 
low photon-energies charges are thought to be generated through extrinsic effects such as 
impurities, the interface between amorphous and crystalline domains, or via dissociation at 
electrodes,20-22 Following a plateau region, the EQE further increases at higher-photon 
energies. This secondary onset has been associated with the intrinsic transport gap, because 
for P3HT it coincides with the energy difference between ionization potential and electron 
affinity determined from UV photoelectron and inverse photoelectron spectroscopy 
measurements, respectively.20 It should be noted that the transport gap observed in the 
EQE does not coincide with a characteristic feature in the optical absorption and this then 
implies that optical excitation to the transport level is not a dipole-allowed transition.20 
Deibel et al. determined the exciton binding energy Eg,EQE from the difference between the 
transport gap Eg,trans and optical band gap Eg,EQE: 

 b,EQE g,trans g,EQEE E E    (4.2) 

Both the optical band gap and transport gap were determined from the intercept of the 
tangent through the first and second onset in the EQE with the baseline, respectively.20 The 
exciton binding energy for P3HT determined using this EQE method corresponded to the 
0.7 eV exciton binding energy from photoelectron spectroscopy and optical absorption.20 

The EQE method was subsequently applied by Li et al. to P3HT and other frequently studied 
polymers such as poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-
fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PCE10, Figure 4.1), poly[N-9′-
heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), 
and poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PVV) giving exciton 
binding energies between 0.66 eV (PCE10) and 1.19 eV (MEH-PPV).23 



Chapter 4 

84 

S
S

N

N
S

S
S

C6H13

C6H13
C8H17

O

O

C6H13

C8H17

C6H13

n

PDPP5T

S

S

S

S

S

S
C2H5

C4H9

C2H5

C4H9

OO

C4H9

C2H5

F

n

PCE10

S

C6H13

P3HT

n

S
N

N
S

O

O

C6H13

C8H17

C6H13
C8H17

S

n

PDPPTDTPT

N

N

C6H13

C8H17

O

O

C6H13

C8H17

N

N

S n

N

S

C4H9

C2H5

PDPP2PyDTP

N

S

C4H9

C2H5

S
N

N
S

S

C6H13
C8H17

O

O

C6H13

C8H17

n

PDPP3T

 
Figure 4.1. Chemical structures of the polymers used in this chapter: P3HT, PCE10, PDPP5T, PDPP3T, 
PDPP2PyDTP, and PDPPTDTPT. 

The purpose of the research described in this chapter is to evaluate the merits of the EQE 
method for determining the exciton binding energy for a series of DPP polymers (Figure 
4.1).24- 26 We first analyze the possible artifacts of the experiment and then apply the EQE 
method to neat P3HT and PCE10,27,28 polymers for which Eb,EQE was reported by Li et al.23 
After this validation step, the EQE of polymer diodes with DPP polymers with different 
optical band gaps is measured and the exciton binding energy is estimated using eq. (4.2) 
from the transport gap. The exciton binding energies Eb from eq. (4.1) are found to be 
smaller than Eb,EQE obtained using eq. (4.2). 

4.2 Measuring EQEs of neat polymer diodes 
Measuring the EQE of neat polymer diodes is not without intricacies. A main issue is that 
neat polymer diodes represent inefficient solar cells because most excitons decay 
intrinsically via fluorescence, intersystem crossing or thermal decay. Hence photocurrent 
and EQE are expected to be small and require the sensitive techniques discussed in Chapter 
3 to be measured. In addition, the device configuration must be considered. In Figure 4.2 
the layouts of polymer diodes in regular (left) and inverted configurations (right) are shown. 
For many conjugated polymers the hole and electron mobility differ. Often the hole mobility 
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is considerably higher than the effective electron mobility as result of the presence of 
electron traps, especially at low charge densities.  

 
Figure 4.2. Schematic drawing of the proposed difference in position of main collecteable charge generation for 
a regular configuration diode (left) and inverted configuration (right). 

The difference in hole and electron mobility can affect the shape of the EQE. In both 
configurations most light is absorbed close to the transparent front electrode, that is near 
the indium tin oxide (ITO)/poly(3,4‐ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) or ITO/ZnO contacts in Figure 4.2 above. Electrons generated in the front 
part of a regular diode have to be transported over a longer distance to the electron 
collecting electrode than those generated in the front part of an inverted diode (Figure 4.2). 
As a consequence of the low effective electron mobility, significant recombination in the 
region close to the front electrode can cause a low EQE in the wavelength region where 
the extinction coefficient is high, especially for thick films. In such case, the measured 
photocurrent primarily originates from light that is absorbed close to the back contact. 
Because the light intensity is attenuated by the polymer layer, the EQE becomes antibatic, 
i.e. a reduced EQE at photon-energies corresponding to high optical absorption. Antibatic 
behavior has frequently been observed and has indeed been rationalized in terms of 
unbalanced charge transport in combination with an optical filtering.29,30 

The effect of a low effective electron mobility is optically modeled in Figure 4.3 for PDDP5T 
using available n and k values. In the model, the active layer is artificially split into two 
separate stacked layers and the thickness of both layers is varied, keeping the total active 
layer thickness at 300 nm. The fraction photons absorbed by the second (back) PDPP5T 
layer is then calculated as function of the first PDPP5T layer thickness using a transfer matrix 
model. By increasing the thickness of the first PDPP5T layer, three effects on the fraction 
absorbed photons in the second layer can be seen. First, as expected, an overall decreasing 
fraction of absorbed photons in the second PDPP5T layer is seen. Second, the onset and 
low-energy peak of the absorption shift towards lower energies, and third, the shape of the 
spectrum is affected such that the peak at the low-energy side becomes sharper and a trough 
is formed in the region where the polymer absorption is high. 
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Figure 4.3. a) Device stack used for optical modelling of the layer absorbances. Total combined thickness of both 
PDPP5T layers is kept constant at 300 nm. b) Modelled fraction of absorbed photons by the second PDPP5T layer 
as a function of the first PDPP5T layer thickness. 

Experimentally, a shift of the EQE peak to lower energies has been reported by Marks et al. 
in the EQE spectra of the PPV active layer when changing the layer thickness.31 The DPP 
polymers studied in this chapter tend to have relatively high electron mobilities, especially 
in field-effect transistors, but the electron mobility is typically lower than the hole 
mobility.32,33 Since in neat-polymer diodes the charge carrier concentration is orders of 
magnitude less than in field-effect transistors, electron traps can reduce the effective 
electron mobility. Figure 4.4 shows the EQEs of two different polymers used in this study, 
PDPP2PyDTP and PDPP5T, measured in regular and inverted configuration diodes. In the 
regular configuration ITO/PEDOT:PSS or ITO/MoO3 are used in the front and LiF/Al forms 
the back electrode. In the inverted configuration, the active layer is sandwiched between an 
ITO/ZnO front electrode and a MoO3/Ag back electrode. In all cases the polymer layer 
thickness was about 100 nm. 
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Figure 4.4. a) External quantum efficiency for PDPP2PyDTP and PDPP5T diodes, in regular (solid lines) and 
inverted configuration (dotted lines). b) Spectra shown in a) enlarged in the low-energy region. 

Both regular configuration diodes show antibatic behavior with a peak at the low-energy 
onset (Figure 4.4). The effect is, however, much stronger for PDPP2PyDTP than for 
PDPP5T, suggesting that the effective electron mobility of PDPP2PyDTP is lower than that 
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of PDPP5T. In the inverted configuration, on the other hand, the photocurrent generation 
in the front is more efficient and the EQE response becomes symbatic (Figure 4.4). This 
effect contributes to the shift in the onset of the photocurrent between regular and inverted 
dioses. For PDPP5T a significant shift from 1.45 ± 0.03 eV (regular) to 1.49 ± 0.03 eV 
(inverted) occurs. For PDPP2PyDTP on the other hand, the low-photon energy offset does 
not change significantly. This demonstrates some of the uncertainties that occur in 
determining these offsets. 

It is of interest to assess the effect of voltage bias on the magnitude and shape of the EQE 
to study the effect of an increasing internal electric field. Figure 4.5a shows the voltage-bias 
dependent EQEs for the regular configuration PDPP5T diode. The EQE increases when the 
voltage bias becomes more negative, but also a change in the shape of the EQE can be seen. 
A similar enhanced EQE, including change in shape of EQE, was also shown by Li et al. for 
five materials, amongst others P3HT and PCE10.23 For PDPP5T, the EQE at the low-energy 
side increased more than the EQE at the high-energy side. This is more apparent in Figure 
4.5b where the EQEs are normalized at 1.59 eV. It is interesting to note that between the 
onset at 1.45 eV and the end of the plateau at 2.0 eV, the shape of the EQE remains the 
virtually the same, irrespective of the voltage bias, suggesting that the region in which 
collectable charges are generated does not really change with the applied bias. Figure 4.5 
also shows that a 0 V bias is sufficient to determine the onset of the transport gap. 
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Figure 4.5. External quantum efficiency of a PDPP5T diode, as a function of the applied bias: a) EQE and b) EQE 
normalized at 1.59 eV. 

Summarizing, for measuring the EQE of neat polymer diodes the device configuration should 
be considered as it may result in a distortion of the EQE spectrum. The same, but to a lesser 
extent, holds for the voltage bias that is applied. In the remainder of this chapter no-bias 
EQEs of the inverted configuration devices were included when the regular diodes gave 
clear signatures of antibatic behavior. 

a) b) 
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4.3 Measuring the transport gap from the EQE  
To assess the method described by Deibel et al. and Li et al., it was first tested on two well-
known and previously used polymers, P3HT and PCE10, in regular configuration diodes. 
Layers of P3HT and PCE10 were deposited via spin coating on top of ITO-coated glass 
substrates covered with a layer of PEDOT:PSS. On top of the neat polymer, LiF and Al were 
thermally evaporated as contact. The normalized EQE spectra recorded for these diodes at 
short circuit and the spectra reported by Li et al. for the same materials are shown in Figure 
4.6 and do not show a pronounced antibatic behavior. 
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Figure 4.6. Normalized EQEs of a) P3HT and b) PCE10 diodes, from own experiments (solid lines) and literature 
ref. 23 (dashed lines). Data from own experiments are normalized at the peak position. Literature data were scaled 
to overlap with experimental data at the plateau region between the first and second onset. The arrows indicate 
the positions of the secondary offsets as reported in Table 4.1. For P3HT, absolute EQE at 2.18 eV (plateau peak) 
equals 5.8 × 10-4, while for PCE10, absolute EQE at 1.75 eV (plateau peak) equals 9.9 × 10-4. 

Table 4.1. Optical band gap, transport gap, and exciton binding energy from the normalized EQEs of P3HT and 
PCE10 (Figure 4.6). Literature data taken from ref. 20 and 23. 

Polymer Eg,EQE (eV) Eg,trans (eV) Eb,EQE (eV) 
P3HT (experiment) 1.90 ± 0.05 2.70 ± 0.10 0.80 ± 0.11 

P3HT (ref. 20) 1.88 2.58 0.70 
P3HT (ref. 23) 1.88 ± 0.05 2.61 ± 0.13 0.73 ± 0.14 

PCE10 (experiment) 1.60 ± 0.03 2.50 ± 0.15 0.90 ± 0.15 
PCE10 (ref. 23) 1.62 ± 0.04 2.28 ± 0.14 0.66 ± 0.15 

While the onsets of charge generation, corresponding to the optical band gaps of the 
material Eg,EQE, are very similar for the experimental and literature EQE spectra in Figure 
4.6, and both materials show in both cases a clear plateau, the secondary onsets clearly 
differ in shape and position. Evidently, there is considerable uncertainty in determining the 
exact position of the secondary onset, mainly because of the modest slope and concave 
curvature of the EQE above secondary onset. Table 4.1 lists the best estimates from the 
experiments and the values previously reported.20,23 As a consequence, the uncertainty in 
the exciton binding energy Eb,EQE is relatively large (±0.15 eV) and the best estimate values 
can differ by more than 0.2 eV among the different studies. These differences can to some 
extent be attributed to differences in the applied contacts. Although Li et al. stated in their 

a) b) 
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study that the interlayers present in the device have no effect on the secondary onsets,23 
their data suggest that differences of ca. 0.2 eV do occur. 

For PDPP2PyDTP, PDPP5T, PDPP3T, and PDPPTDTPT, similar devices as for P3HT and 
PCE10 were fabricated. In Chapter 2, the singlet exciton binding energy of these four 
polymers estimated from eq. (4.1) was between 0.16 eV (PDPP2PyDTP) and 0.50 eV 
(PDPP3T). The normalized EQEs for the diodes of these polymers are shown in Figure 4.7a. 
PDPP2PyDTP (shown before in Figure 4.4) and PDPPTDTPT exhibit pronounced antibatic 
behavior and therefore these polymers were also measured in an inverted diode 
configuration (Figure 4.7b). The low-energy onsets of the EQEs, determined using the 
tangent line method, are indicated by vertical solid lines in Figure 4.7a and collected in Table 
4.2 as Eg,EQE. For comparison, the absorption onsets, Eg,opt, reported in Chapter 2 are 
indicated in Figure 4.7a with vertical arrows. For PDPP5T and PDPP3T, Eg,EQE equals Eg,opt, 
For PDPPTDTPT there is a significant difference in the primary onset between the regular 
(1.17 eV) and the inverted (1.23 eV) device, the latter value corresponding to the Eg,opt. The 
difference between the regular and inverted device is possibly caused by the antibatic 
behavior which results in an apparent shift of the onset to lower photon energies (cf. Figure 
4.3). For PDPP2PyDTP, Eg,EQE is considerably lower than Eg,opt. A possible reason for the 
difference is the use of a co-solvent in the fabrication of the diodes, which might significantly 
affect the crystallinity and packing of the polymer chains,34 possibly slightly reducing the 
optical band gap Eg,opt.35,36 The estimated secondary onsets, related to the transport gap 
Eg,trans, are indicated in the EQE spectra with vertical dotted lines. Determining these onsets 
accurately and in a fully consistent way is virtually impossible and therefore the estimated 
uncertainties are considerable. For these four polymers, Eg,trans estimated from the EQE is 
higher than the electrochemical band gap, Eg,SWV (Table 4.2). As a consequence, the binding 
energies, Eb,EQE, estimated from eq. (4.1) are higher than the binding energy Eb, via eq. (4.2) 
(Table 4.2). Especially for PDPP2PyDTP, which was previously estimated to have a very low 
exciton binding energy Eb = 0.16 eV, Eb,EQE has a significantly higher value of ~0.45 eV. 
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Figure 4.7. a) Normalized EQE for regular PDPP2PyDTP, PDPP5T, PDPP3T, and PDPPTDTPT polymer diodes. 
b) Normalized EQE for inverted PDPP2PyDTP and PDPPTDTPT diodes. Optical band gap (vertical solid lines) and 
transport gap (vertical dotted lines) from EQE are shown. Vertical arrows represent Eg,opt (Chapter 2).  

a) b) 
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Table 4.2. Optical band gap from EQE and absorption (literature values), transport gap, electrochemical band gap, 
and exciton binding energies, for PDPP2PyDTP, PDPP5T, and PDPPTDTPT in regular (r) and inverted (i) diodes. 

Polymer r/i Eg,EQE 
(eV) 

Eg,trans 
(eV) 

Eb,EQE 
(eV) 

Eg,opt 
(eV) 

Eg,SWV 
(eV) 

Eb 
(eV) 

PDPP2PyDTP  r 1.46 ± 0.03 1.90 ± 0.08 0.44 ± 0.09 1.54 ± 0.03 1.70 ± 0.07 0.16 ± 0.08  i 1.46 ± 0.03 1.93 ± 0.08 0.47 ± 0.09 
PDPP5T r 1.45 ± 0.03 1.95 ± 0.10 0.52 ± 0.11 1.45 ± 0.03 1.80 ± 0.07 0.36 ± 0.08 
PDPP3T r 1.31 ± 0.03 1.83 ± 0.05 0.52 ± 0.06 1.30 ± 0.03 1.80 ± 0.07 0.50 ± 0.08 

PDPPTDTPT r 1.17 ± 0.02 1.69 ± 0.08 0.52 ± 0.08 1.23 ± 0.03 1.58 ± 0.07 0.35 ± 0.08  i 1.23 ± 0.02 1.79 ± 0.05 0.56 ± 0.06 

4.4 Conclusions 
For six polymers, the EQE of polymer diodes was measured and both the optical and 
transport gap were determined from these measurements. Where the onset of charge 
generation of P3HT and PCE10 diodes corresponded with previously reported values, the 
secondary onset, corresponding to the transport gap, did show profound differences and 
there is considerable uncertainty in locating the exact position. This causes uncertainty in 
the exciton binding energy Eb,EQE of more than 0.15 eV. For the four DPP polymers studied, 
the Eb,EQE determined from Eg,EQE and Eg,trans, was found to be in a relatively narrow region of 
0.50 ± 0.06 eV. For P3HT and PCE10, the Eb,EQE determined in this work are considerably 
higher (0.80 ± 0.11 and 0.90 ± 0.15 eV, respectively). 

For the four DPP polymers the Eb,EQE is significantly larger than the Eb values determined 
from the optical and electrochemical gaps (Eg,opt and Eg,SWV) (Table 4.2). At present it is not 
possible to reconcile the differences between the two methods. It is a priori not known 
which method is most appropriate. We note that the secondary onset in the EQE is rather 
ill-defined in many cases, and apparently depending on the batch of polymer. Hence the 
accuracy for obtaining a consistent estimate of the exciton binding energy of conjugated 
polymers is limited. In this respect we also note that the absolute values of the EQE 
observed for conjugated polymers at and above the secondary onset remain low, typically 
less than 2%, such that extrinsic factors contributing to the EQE are difficult to exclude. 

4.5 Experimental section 
4.5.1 Materials 
All chemicals, solvents and co-solvents were obtained from commercial suppliers and used without 
any further purification. PCE10, P3HT (≥99.995% trace metals basis), and PDPP5T were obtained from 
1-Material Ltd., Sigma-Aldrich and BASF, respectively. PDPPTDTPT, PDPP3T, and PDPP2PyDTP were 
synthesized by coworkers according to procedures described in literature.25,26 

Patterned ITO-coated glass substrates were obtained from Naranjo Substrates (The Netherlands). 
PEDOT:PSS (CLEVIOSTM P VP AI 4083) was purchased from Heraeus Deutschland GmbH & Co. KG 
(Germany). 
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4.5.2 Diode fabrication 
Patterned indium tin oxide (ITO) substrates were cleaned by ultrasonication in acetone, followed by 
rubbing with an aqueous solution of sodium dodecyl sulfate, ultrasonication in an aqueous solution of 
sodium dodecyl sulfate, rinsing with demineralized water, and ultrasonication in 2-propanol. Just 
before spin coating, a 30 minute treatment with UV-ozone was applied. For regular configuration 
diodes, before application of the active layer, the poly(3,4‐ethylenedioxythiophene):poly(styrene 
sulfonate)  (PEDOT:PSS) dispersion was filtered using a 0.45 µm PVDF filter and then a ca. 40 nm 
thick PEDOT:PSS layer was applied via spin coating, in air, at 2000 rpm for 60 s, followed by the active 
layer as detailed below for each material. As a top electrode, 1 nm lithium fluoride and 100 nm 
aluminum were thermally evaporated at a pressure below 5 × 10-7 Torr. For inverted configuration 
diodes, before application of the active layer, a thin layer of ZnO was applied via spin coating of a sol 
gel solution consisting of 0.5 M ethanolamine and 0.5 M zinc acetate dihydrate in 2-methoxyethanol, 
in air, at 5000 rpm for 60 s, and subsequent annealing at 150 °C for 5 min. As a top electrode, 10 nm 
molybdenum oxide and 100 nm silver were thermally evaporated at a pressure below 7 × 10-7 Torr. 
The active area of the diode was 0.09 cm2 or 0.16 cm2. 

P3HT diodes: the PEDOT:PSS layer was annealed at 120 °C for 5 min. Ca. 10 mg/mL P3HT was 
dissolved in chlorobenzene, by stirring at 80 °C for at least 1 h. Just before spin coating, inside a 
nitrogen-filled glove box, at 5000 rpm for 60 s, the solution was stirred at room temperature for 
1 min. After spin coating, the active layer was annealed at 110 °C for 30 min. The layer thickness was 
ca. 30 – 40 nm. 

PCE10 diodes: 10 mg/mL PCE10 was dissolved in chlorobenzene with 3% 1,8-diiodooctane as a co-
solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at room 
temperature for 1 min. Depositing was performed by spin coating inside a nitrogen-filled glove box, 
at 1500 rpm for 60 s. 

PDPP2PyDTP diodes: 10 nm molybdenum oxide was thermally evaporated at a pressure of 
~8 × 10-7 Torr and used instead of PEDOT:PSS. 18 mg/mL PDPP2PyDTP was dissolved in chloroform 
with 5% 1,8-diiodooctane as a co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, 
the solution was stirred at room temperature for 1 min. Spin coating was done at 3000 rpm for 60 s. 

PDPP5T diodes: 18 mg/mL PDPP5T was dissolved in chloroform with 5% ortho-dichlorobenzene as a 
co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at 
room temperature for 1 min. Depositing was performed by spin coating inside a nitrogen-filled glove 
box, at 2000 rpm for 60 s. The layer thickness was ca. 110 nm for the inverted configuration diode. 

PDPP3T diodes: 4 mg/mL PDPP3T was dissolved in chloroform with 7.5% ortho-dichlorobenzene as a 
co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at 
room temperature for 1 min. Depositing was performed by spin coating inside a nitrogen-filled glove 
box, at 500 rpm for 60 s. 

PDPPTDTPT diodes: 9 mg/mL PDPPTDTPT was dissolved in chloroform with 5% ortho-
dichlorobenzene as a co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the 
solution was stirred at room temperature for 1 min. Depositing was performed by spin coating inside 
a nitrogen-filled glove box, at 2000 rpm for 60 s. For the inverted configuration diodes, the polymer 
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was not completely dissolved before spin coating, reducing the actual PDPPTDTPT concentration in 
the polymer solution just before spin coating, and strongly reducing the layer thickness compared to 
the regular configuration device. The layer thickness was over 300 nm for the regular configuration 
diode. 

4.5.3 Diode characterization and optical modelling 
Regular EQE measurements were performed using a 50 W Philips Focusline tungsten-halogen lamp, 
which was modulated using a mechanical chopper, and was passed through an Oriel Cornerstone 130 
monochromator. The cell response was recorded as the voltage from a Stanford Research Systems 
SR570 preamplifier using a SR830 lock-in amplifier. As a reference, a calibrated silicon cell was used. 

Sensitive EQE measurements were performed using an Osram 64655 HLX 250 W halogen lamp, of 
which the light was chopped using an Oriel 3502 optical chopper. The light was subsequently passed 
through a Cornerstone 260 monochromator (CS260-USB-3-MC-A). The cell was placed in a nitrogen-
filled box and its response was recorded as the voltage from a Stanford Research Systems SR570 
preamplifier using a SR830 lock-in amplifier. No extra bias light was applied in the sensitive EQE 
measurements. As a reference, a calibrated silicon and InGaAs cell were used. The results of the 
sensitive EQE measurements were corrected for cell area using regular EQE measurements. For both 
regular and sensitive EQE measurements, the diodes were placed in a nitrogen-filled container behind 
a quartz window. 

Optical simulations were performed using Setfos 4.3 (Fluxim AG, Switzerland). The stack used for 
these simulations consisted of air (infinite), glass (100 nm, incoherent), silicon dioxide (20 nm), ITO 
(132 nm), PEDOT:PSS (35 nm), PDPP5T (0 – 300 nm), PDPP5T (300 – 0 nm), aluminum (100 nm), 
and air (infinite). The total thickness of both PDPP5T layers was set to 300 nm. 

Layer thicknesses were determined using a Veeco Dektak 150 Surface Profiler. 

  



Exciton binding energies from external quantum efficiency measurements on 
polymer diodes 

93 

4.6 References 

1 J. Kalowekamo and E. Baker, Estimating the manufacturing cost of purely organic solar 
cells, Sol. Energy, 2009, 83, 1224 – 1231, doi:10.1016/j.solener.2009.02.003. 

2 G. Yu, J. Gao, J. C. Hummelen, F. Wudl and A. J. Heeger, Polymer Photovoltaic Cells: 
Enhanced Efficiencies via a Network of Internal Donor-Acceptor Heterojunctions, Science, 
1995, 270, 1789 – 1791, doi:10.1126/science.270.5243.1789. 

3 E. M. Conwell, Definition of exciton binding energy for conducting polymers, Synth. Met., 
1996, 83, 101 – 102, doi:10.1016/S0379-6779(97)80061-6. 

4 M. A. Green, Improved value for the silicon free exciton binding energy, AIP Adv., 2013, 3, 
112104, doi:10.1063/1.4828730. 

5 L. J. A. Koster, S. E. Shaheen and J. C. Hummelen, Pathways to a New Efficiency Regime 
for Organic Solar Cells, Adv. Energy Mater., 2012, 2, 1246 – 1253, 
doi:10.1002/aenm.201200103. 

6 J.-L. Brédas, Mind the gap!, Mater. Horiz., 2014, 1, 17 – 19, doi:10.1039/C3MH00098B. 
7 S. Admassie, O. Inganäs, W. Mammo, E. Perzon and M. R. Andersson, Electrochemical and 

optical studies of the band gaps of alternating polyfluorene copolymers, Synth. Met., 2006, 
156, 614 – 623, doi:10.1016/j.synthmet.2006.02.013. 

8 This thesis, Chapter 2. 
9 S. Alvarado, P. Seidler, D. Lidzey and D. Bradley, Direct Determination of the Exciton 

Binding Energy of Conjugated Polymers Using a Scanning Tunneling Microscope, Phys. Rev. 
Lett., 1998, 81, 1082 – 1085, doi:10.1103/PhysRevLett.81.1082. 

10 J. Kern, S. Schwab, C. Deibel and V. Dyakonov, Binding energy of singlet excitons and 
charge transfer complexes in MDMO-PPV:PCBM solar cells, Phys. Status Solidi RRL, 2011, 5, 
364 – 366, doi:10.1002/pssr.201105430. 

11 L. J. Rothberg, M. Van, A. W. P. Fung, T. M. Jedju, E. W. Kwock and M. E. Galvin, 
Photogeneration Mechanism and Exciton Binding Energy in Phenylenevinylene Polymers, 
Synth. Met., 1997, 84, 537 – 538, doi:10.1016/S0379-6779(97)80850-8. 

12 D. Moses, J. Wang, A. J. Heeger, N. Kirova and S. Brazovski, Singlet exciton binding energy 
in poly(phenylene vinylene), Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 13496 – 13500, 
doi:10.1073/pnas.241497098. 

13 P. Gomes da Costa and E. M. Conwell, Excitons and the band gap in poly(phenylene 
vinylene), Phys. Rev. B, 1993, 48, 1993 – 1996, doi:10.1103/PhysRevB.48.1993. 

14 M. Chandross, S. Mazumdar, S. Jeglinski, X. Wei, Z. V. Vardeny, E. W. Kwock and 
T. M. Miller, Excitons in poly(para-phenylenevinylene), Phys. Rev. B, 1994, 50, 
14702 – 14705, doi:10.1103/PhysRevB.50.14702. 

15 J.-W. van der Horst, P. A. Bobbert and M. A. J. Michels, Electronic and optical excitations 
in crystalline conjugated polymers, Phys. Rev. B, 2002, 66, 035206, 
doi:10.1103/PhysRevB.66.035206. 

16 L. Zhu, Y. Yi and Z. Wei, Exciton Binding Energies of Nonfullerene Small Molecule 
Acceptors: Implication for Exciton Dissociation Driving Forces in Organic Solar Cells, J. 
Phys. Chem. C, 2018, 122, 22309 – 22316, doi:10.1021/acs.jpcc.8b07197. 

17 M. Knupfer, Exciton binding energies in organic semiconductors, Appl. Phys. A: Mater. Sci. 
Process., 2003, 77, 623 – 626, doi:10.1007/s00339-003-2182-9. 

18 I. G. Hill, A. Kahn, Z. G. Soos and R. A. Pascal, Jr, Charge-separation energy in films of π-
conjugated organic molecules, Chem. Phys. Lett., 2000, 327, 181 – 188, doi:10.1016/S0009-
2614(00)00882-4. 

19 P. I. Djurovich, E. I. Mayo, S. R. Forrest and M. E. Thompson, Measurement of the lowest 
unoccupied molecular orbital energies of molecular organic semiconductors, Org. Electron., 
2009, 10, 515 – 520, doi:10.1016/j.orgel.2008.12.011. 

 



Chapter 4 

94 

 
20 C. Deibel, D. Mack, J. Gorenflot, A. Schöll, S. Krause, F. Reinert, D. Rauh and 

V. Dyakonov, Energetics of excited states in the conjugated polymer poly(3-
hexylthiophene), Phys. Rev. B, 2010, 81, 085202, doi:10.1103/physrevb.81.085202. 

21 G. Castro and J. F. Hornig, Multiple-Charge-Carrier Generation Processes in Anthracene, 
J. Chem. Phys., 1965, 42, 1459 – 1460, doi:10.1063/1.1696137. 

22 O. G. Reid, R. D. Pensack, Y. Song, G. D. Scholes and G. Rumbles, Charge 
Photogeneration in Neat Conjugated Polymers, Chem. Mater., 2013, 26, 561 – 575, 
doi:10.1021/cm4027144. 

23 H.-W. Li, Z. Guan, Y. Cheng, T. Lui, Q. Yang, C.-S. Lee, S. Chen and S.-W. Tsang, On the 
Study of Exciton Binding Energy with Direct Charge Generation in Photovoltaic Polymers, 
Adv. Electron. Mater., 2016, 2, 1600200, doi:10.1002/aelm.201600200. 

24 V. S. Gevaerts, A. Furlan, M. M. Wienk, M. Turbiez and R. A. J. Janssen, Solution Processed 
Polymer Tandem Solar Cell Using Efficient Small and Wide bandgap Polymer:Fullerene 
Blends, Adv. Mater., 2012, 24, 2130 – 2134, doi:10.1002/adma.201104939. 

25 K. H. Hendriks, A. S. G. Wijpkema, J. J. van Franeker, M. M. Wienk and R. A. J. Janssen, 
Dichotomous Role of Exciting the Donor or the Acceptor on Charge Generation in 
Organic Solar Cells, J. Am. Chem. Soc., 2016, 138, 10026 – 10031, 
doi:10.1021/jacs.6b05868. 

26 K. H. Hendriks, W. Li, M. M. Wienk and R. A. J. Janssen, Small-Bandgap Semiconducting 
Polymers with High Near-Infrared Photoresponse, J. Am. Chem. Soc., 2014, 136, 
12130 – 12136, doi:10.1021/ja506265h. 

27 S.-H. Lee, J.-H. Kim, T.-H. Shim and J.-G. Park, Effect of Interface Thickness on Power 
Conversion Efficiency of Polymer Photovoltaic Cells, Electron. Mater. Lett., 2009, 5, 47 – 50, 
doi:10.3365/eml.2009.03.047. 

28 Z. He, B. Xiao, F. Liu, H. Wu, Y. Yang, S. Xiao, C. Wang, T. P. Russell and Y. Cao, Single-
junction polymer solar cells with high efficiency and photovoltage, Nat. Photonics, 2015, 9, 
174 – 179, doi:10.1038/nphoton.2015.6. 

29 M. G. Harrison, J. Grüner and G. C. W. Spencer, Analysis of the photocurrent action 
spectra of MEH-PPV polymer photodiodes, Phys. Rev. B, 1997, 55, 7831 – 7849, 
doi:10.1103/PhysRevB.55.7831. 

30 T. J. K. Brenner, Y. Vaynzof, Z. Li, D. Kabra, R. H. Friend and C. R. McNeill, White-light 
bias external quantum efficiency measurements of standard and inverted P3HT:PCBM 
photovoltaic cells, J. Phys. D: Appl. Phys., 2012, 45, 415101, doi:10.1088/0022-
3727/45/41/415101. 

31 R. N. Marks, J. J. M. Halls, D. D. C. Bradley, R. H. Friend and A. B. Holmes, The 
photovoltaic response in poly(p-phenylene vinylene) thin-film devices, J. Phys.: Condens. 
Matter, 1994, 6, 1379 – 1394, doi:10.1088/0953-8984/6/7/009. 

32 C. B. Nielsen, M. Turbiez and I. McCulloch, Recent Advances in the Development of 
Semiconducting DPP-Containing Polymers for Transistor Applications, Adv. Mater., 2012, 
25, 1859 – 1880, doi:10.1002/adma.201201795. 

33 W. Li, K. H. Hendriks, M. M. Wienk and R. A. J. Janssen, Diketopyrrolopyrrole Polymers 
for Organic Solar Cells, Acc. Chem. Res., 2015, 49, 78 – 85, 
doi:10.1021/acs.accounts.5b00334. 

34 L. Ye, S. Zhang, W. Ma, B. Fan, X. Guo, Y. Huang, H. Ade and J. Hou, From Binary to 
Ternary Solvent: Morphology Fine-tuning of D/A Blends in PDPP3T-based Polymer Solar 
Cells, Adv. Mater., 2012, 24, 6335 – 6341, doi:10.1002/adma.201202855. 

35 M. M. Wienk, M. Turbiez, J. Gilot and R. A. J. Janssen, Narrow-Bandgap Diketo-Pyrrolo-
Pyrrole Polymer Solar Cells: The Effect of Processing on the Performance, Adv. Mater., 
2008, 20, 2556 – 2560, doi:10.1002/adma.200800456. 
 

 



Exciton binding energies from external quantum efficiency measurements on 
polymer diodes 

95 

 
36 W. Li, K. H. Hendriks, A. Furlan, W. S. C. Roelofs, M. M. Wienk and R. A. J. Janssen, 

Universal Correlation between Fibril Width and Quantum Efficiency in 
Diketopyrrolopyrrole-Based Polymer Solar Cells, J. Am. Chem. Soc., 2013, 135, 
18942 – 18948, doi:10.1021/ja4101003. 



 



Chapter 5 
Exploring the energetic 
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conjugated polymers 

 

 

Abstract 
Conjugated polymers find widespread applications in transistors, photodetectors, and solar 
cells. The device performance, however, is partially limited by the presence of trap states in 
these conjugated polymers. In this chapter, the origin and energetic distribution of trap 
states is explored for eight conjugated polymers with widely varying optical band gaps. In 
sub-band gap external quantum efficiency (EQE) measurements on polymer diodes, 
characteristic low-energy transitions were found that are attributed to trap states. These 
trap states are presumably related to oxidation of the polymer, but the sub-band gap EQE 
signals do not correspond to polaronic transitions. The observed EQE signals may originate 
from a charge-transfer like transition corresponding to the excitation of an electron from 
the neat polymer as a donor to the trap state, serving as an electron acceptor. The trap 
state may either be a common extrinsic trap or an oxidized polymer chain. On an absolute 
energy scale, the trap level seems to be located in a common energy range, but its energetic 
width shows clear differences for different polymers. 
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5.1 Introduction 
Conjugated polymers are considered to be promising materials to be used in bioelectronics 
such as artificial retina, in transistors, and in solar cells.1- 4 For example in polymer solar 
cells, power conversion efficiencies over 15% have been reached recently.5 In-depth 
knowledge of the energy levels in conjugated polymers is necessary to understand the 
behavior in solar cells, because energy levels determine charge mobility, charge injection, 
open-circuit voltage, and solar cell efficiency.6 Especially trap states are important because 
even a low trap state concentration can significantly alter the device performance,6- 10 for 
example by acting as a recombination center, reducing the charge-carrier mobility.11 Filling 
trap states with low concentrations of dopant molecules such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) has been shown to enhance solar cell performance.12 
Conjugated polymers are known for their defects states that may originate from their 
synthesis or from storage in light or air.13-15 Not all defects in the polymer main chain will 
act as trap states, as previously shown by Kuik et al. for poly(p-phenylene vinylene) (PPV) 
polymers.16 

In the scientific literature there is emerging consensus on the origin of the trap states. In 
1984, Weinberger et al. observed trap states in undoped polyacetylene and attributed these 
to catalyst residue. The absorption by these trap states could be reduced upon ammonia 
treatment.17 Street and coworkers performed X-ray and prolonged white light illumination 
experiments on polymer:fullerene solar cells, noting an increase in trap state signal and 
concluding that C-H defects might be the origin for the observed trap states.18,19 Also in 
pure poly(3-hexylthiophene) (P3HT), an increased sub-band gap signal was reported upon 
illumination, and attributed to trapped charge carriers.20 For poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV), Tseng et al. and Kažukauskas appointed 
oxygen as an oxidation source, creating trap states.21,22 Density functional theory 
calculations by Nicolai et al. pointed towards hydrated oxygen complexes as being 
responsible for trap state formation, creating a universal trap level at –3.6 eV, with an energy 
distribution of 0.1 eV.23 

Despite a significant trap state density in conjugated polymers, which is in the order 
1021 m-3 for holes24 and of 1023 m-3 for electrons,23 in most cases, only indirect electronic 
evidence for their existence and location can be obtained. Transient photocurrent 
measurements on P3HT:PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) solar cells, 
reported by MacKenzie et al. demonstrated the trap states present had a Gaussian-
distributed density of states.25 A similar observation was reported by Nicolai et al. for PPV 
derivatives and by Rizvi et al. for P3HT, after fitting current-voltage characteristics of the 
solar cells.26,27 Typically, as shown by these characteristics, hole transport shows space-
charge limited behavior in conjugated polymers, while electron transport is trap limited, 
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locating the traps close to the lowest unoccupied molecular orbital (LUMO) of the 
polymer.23 

To directly probe the trap states optically, sensitive measurements are necessary. The trap 
states reported by Weinberger et al. in undoped polyacetylene were observed as low-energy 
shoulders in photothermal deflection spectroscopy (PDS).17 Later on, in a similar fashion, 
trap states were observed in PDS measurements by Kuik et al. and Goris et al. for poly[2-
methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV).16,28 Also in 
external quantum efficiency (EQE) or photocurrent measurements on polymer:fullerene 
solar cells Street and coworkers identified trap states as low-energy shoulders.18,19 The EQE 
for neat polymer diodes is however very low.29,30 The mechanism for current generation by 
neat polymers, as reviewed by Reid et al., is still unknown.31 Currently, excimers between 
neighboring chains are the most likely candidates to be responsible for the direct current 
generation in neat polymer diodes. 
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Figure 5.1. Chemical structures of the eight polymers and the dopant material used in this study. 

Here, in this chapter, we fabricate polymer diodes and subsequently use sensitive PDS and 
EQE measurements to study the energetic trap state distribution for eight polymers of 
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which the chemical structures are shown in Figure 5.1. All polymers have different optical 
and electrochemical band gaps.32- 39 First, possible origins for the sub-band gap signals and 
trap states in conjugated polymers are explored via, amongst others, light-intensity 
dependent EQE studies and oxidation experiments. Deliberate oxidation of the polymer 
shows an increase in the trap-state related EQE signals. We tentatively ascribe charge 
generation to take place via a charge-transfer like state between the highest unoccupied 
molecular orbital (HOMO) of the undoped polymer as donor and a doped state or extrinsic 
trap as acceptor. Energetic normalization using the polymer LUMO levels revealed that the 
trap-state related signals in the EQE correspond to a transition to a common energy level.  

5.2 On the origin of trap states and sub-band gap signals in 
conjugated polymers 
To study to which extent trap states are present in neat conjugated materials, and how their 
contribution to charge generation can be explained, polymer diodes have been prepared for 
the eight polymers shown in Figure 5.1. In these diodes, the polymer was sandwiched 
between an indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) bottom electrode and a lithium fluoride/aluminum top contact. For 
each polymer, the EQE reported in Figure 5.2 shows a clear sub-band gap transition at 
photon energies below the Urbach tail.40 The intensity and location of this extra feature in 
the EQE, on the other hand, is not constant. The nature of the ubiquitous sub-band gap 
transition is presently unknown and in the next sections several possible explanations have 
been tested to assess the origin of the low-energy spectral features. 
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Figure 5.2. EQE for eight different polymers, with increasing band gap from top to bottom, all showing a clear 
sub-band gap signal. For clarity, the EQEs have been translated vertically. 
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5.2.1 Polymer batch dependence of trap state presence 
During polymer synthesis, chain defects can be introduced into the polymer chain.13,14 
Moreover, polymers likely contain trace quantities of catalysts (e.g. Pd) or other impurities.41 
Such defects can even involve differences in molecular weight distribution when short chains 
are present and, hence, will be very dependent on the polymer batch used.42 To study the 
extent to which the polymer batch can influence the contribution of the trap states observed 
in the EQE, polymer diodes of two PDPP3T batches that give different solar cell efficiencies 
in combination with PCBM (3.2% vs. 7.6% for batch 1 and 2, respectively)43, have been 
compared. 

While diodes made from a single polymer batch and fabricated in equivalent ways on 
different occasions always resulted in qualitatively equivalent EQE spectra (not shown here), 
the use of different polymer batches did result in a clear difference in the sub-band gap EQE, 
as shown in Figure 5.3a. The two PDPP3T batches used exhibit a sub-band gap EQE at 
approximately equal photon energies, but the intensity differs significantly. This indicates 
that the volume density of the trap states depends on the polymer batch. 

0.8 1.0 1.2 1.4 1.6 1.8
10-9

10-8

10-7

10-6

10-5

10-4

Ex
te

rn
al

 q
ua

nt
um

 e
ffi

ci
en

cy
 (-

)

Energy (eV)

 PDPP3T - batch 1
 PDPP3T - batch 2
 Urbach tail for batch 2

 
1.0 1.5 2.0 2.5 3.0

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2
 Electric field intensity
 Original EQE
 Corrected EQE

Energy (eV)

Ex
te

rn
al

 q
ua

nt
um

 e
ffi

ci
en

cy
 (-

)

0.0

0.5

1.0

1.5

2.0

|E
|2

 
Figure 5.3. a) EQE of PDPP3T polymer-only diodes for two PDPP3T batches synthesized by two different 
coworkers. b) As-measured and interference-corrected EQE for a P3HT solar cell, and the electric field intensity 
from simulations. 

5.2.2 Optical interference effects 
One factor influencing the intensity and shape of the sub-band gap transitions are optical 
interference effects. Previously, Melskens et al. have shown that these interference effects 
alter the shape of the EQE signal originating sub-band gap states in hydrogenated amorphous 
silicon solar cells.44 Hence, correction for interference might significantly change the shape 
of the EQEs as shown in Figure 5.3b. To test the effect of interference correction, the 
electric field intensity as a function of photon energy has been calculated using transfer-
matrix modelling for a P3HT diode.45,46 The EQE was subsequently corrected using this 
calculated electric field intensity, and a change in EQE shape is observed in Figure 5.3b. 
Where a small change in EQE is found below the band gap after correction, the main change 
in EQE is above the band gap. 

a) b) 
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5.2.3 Triplet-triplet annihilation 
For MEH-PPV the triplet energy level E(T1) was previously reported at ca. 1.27 eV.47 Because 
of structural similarity with MDMO-PPV, Veldman et al. speculated that E(T1) of MDMO-
PPV would approximately equal E(T1) of MEH-PPV.48 In the EQE of MDMO-PPV (see Figure 
5.4a), a clear plateau is present at ca. 1.27 eV. Therefore, direct absorption by the triplet 
state and subsequent triplet-triplet annihilation, resulting in free charges, could be an origin 
for the observed sub-band gap transition. When this is the case, an illumination intensity 
effect on the EQE should be observed: at higher light intensity, the peak intensity should 
increase. 

Figure 5.4a shows the EQE of a MDMO-PPV diode, measured under three different 
illumination intensities. Above the band gap, only a minor change in EQE is observed upon 
changing illumination intensity. In contrast to the trend expected for triplet-triplet 
annihilation, a small decrease in EQE is observed in the trap state region upon increasing 
illumination intensity (Figure 5.4b). This strongly suggests direct absorption by the triplet 
state does not explain the trap states in MDMO-PPV. 
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Figure 5.4. a) EQE of a MDMO-PPV polymer-only diode, under three different illumination intensities. b) EQEs 
as in a), enlarged in the sub-band gap region. Power indicates power of the lamp used in these EQE measurements, 
setting the lamp intensity. 
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Figure 5.5. EQE of PDPP5T polymer-only diodes, with and without storage in vacuum before thermal evaporation 
of the top contact. 
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5.2.4 Effect of a vacuum treatment on EQE of trap states 
Apart from triplet absorption, also other transitions can give rise to sub-band gap signals. 
Nicolai et al. speculated that the interaction between the polymer chain and hydrated 
oxygen complexes can result in the extra trap state formation, at a reduced electron affinity, 
i.e. below the LUMO.23 Typically, a vacuum treatment can remove oxygen and water that is 
adsorbed by a film. Therefore, before applying the top electrode on a PDPP5T diode, the 
layer was kept overnight at a pressure below 6 × 10-7 Torr. As Figure 5.5 shows, no clear 
change in sub-band gap EQE shape can be observed upon vacuum treatment. This 
demonstrates that either oxygen or water cannot be desorbed by the vacuum treatment, 
or that the effect of the presence of these compounds is irreversible. 

5.2.5 Oxidative doping of the polymer 
Although the sub-band gap EQE signal could not be reversed by a vacuum treatment, this 
does not exclude the role of oxidation in the formation of trap states. To verify if oxidation 
of the pristine polymer can contribute to the sub-band gap peak, thin layers of doped and 
undoped P3HT, poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-
fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl} (PCE10), and poly[[2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl](3‴,4′-dihexyl-
[2,2′:5′,2″:5″:,2‴:5‴,2⁗-quinquethiophene]-5,5⁗-diyl)] (PDPP5T) were prepared via spin 
coating of solutions without and with up to 5 wt% F4TCNQ.49,50 F4TCNQ is a strong oxidant 
and commonly used as p-type dopant. Because doping in solution is sub-optimal due to the 
low doping efficacy in solution, the doping percentages reported do not represent actual 
doping levels in thin film.51,52 Furthermore, not all doped states will finally result in a free 
hole in thin film.53 
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Figure 5.6. PDS for oxidative doping of a) PCE10 and b) P3HT. Positions of the polaron absorption in the sub-
band gap region of both polymers and of the F4TCNQ anion absorption have been indicated. 

The PDS spectra for doped and undoped PCE10 are shown in Figure 5.6a. Upon further 
oxidation, the sub-band gap signal shows a clear increase. Furthermore, a peak appears at 
ca. 1.1 eV, corresponding to an absorption of the polaron (radical cation) of PCE10.54 This 

a) b) 
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implies that PCE10 is oxidized by the F4TCNQ. A similar increase in sub-band gap PDS signal 
occurs upon addition of F4TCNQ to P3HT and PDPP5T (Figure 5.6b for P3HT and Figure 
5.12a for PDPP5T). When F4TCNQ was added to the P3HT in solution, already in solution 
signals of oxidative doping were observed as the solution color shifted from orange to red-
brown, typical for the aggregation for P3HT, here caused by the oxidation. The oxidation is 
reflected in the appearance of two polaronic bands below 1 eV and at ca. 1.5 eV in the PDS 
spectra, corresponding to the polaronic (P1 and P2) transitions of P3HT.49 Also the 
transition at ca. 1.27 eV, already present in the undoped P3HT layer, was previously ascribed 
to a polaronic transition.55 The intensity of the sub-band gap transitions increases upon 
increasing the dopant concentration in solution, corresponding to previously observed 
trends, reported in ref. 49. Furthermore, vibronic absorption peaks near 1.4 and 1.6 eV of 
the F4TCNQ anions56 can be observed in Figure 5.6b. For PCE10 and PDPP5T these are 
not visible in the PDS, because they occur near or above the optical band gap of these 
polymers. 

The sharp polaron transitions of both PCE10 and P3HT observed in the PDS measurements, 
cannot be distinguished in the corresponding EQE spectra reported in Figure 5.7. For both 
materials the intensity of the sub-band gap EQE is enhanced upon addition of F4TCNQ, but 
the characteristic sharp polaron peaks are absent. For PCE10, doping with F4TCNQ results 
in an overall enhanced EQE, also above the optical band gap, suggesting that addition of 
F4TCNQ enhances the collection of charges. In contrast, for P3HT only the sub-band gap 
EQE is enhanced. This shows that the sub-band gap transition in the EQE can possibly be 
correlated with oxidation, but unlikely with polaron absorption because the characteristic 
spectral features of polarons are absent, especially for PCE10. Therefore, we propose a 
mechanism for charge generation where the trap state EQE has charge-transfer character 
between the polymer and doped states or trap states. 
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Figure 5.7. EQE for oxidative doping of a) PCE10 and b) P3HT. For P3HT, EQE and PDS (Figure 5.6) have been 
measured on separate samples and therefore doping ratios differ. 

a) b) 
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5.3 Characterization of trap states 
Figure 5.2 shows a clear difference in trap state width for the eight polymers. This is in 
contrast to the previous work of Nicolai et al., who report a 0.1 eV energy distribution.23 
To determine the charge-transfer state energy ECT and the corresponding reorganization 
energy  , which is a measure for the width of the transition, a sum of an Urbach energy 
tail40 and one or more distributions equivalent to an expression derived from non-adiabatic 
Marcus theory57 can be fit to the sub-band gap region of the EQE as function of the photon 
energy E: 

 
 2
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1 U

EQE( ) exp exp
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nn
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   (5.1) 

in which A is the trap state intensity, E0 the start of the Urbach tail, and EU the Urbach 
energy. 
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Figure 5.8. a) Fit of eq. (5.1) to the EQE of a PDPP5T diode. b) Fit of eq. (5.1) to the EQE of a P3HT diode. 
c) Trap amplitude, charge-transfer state energy, reorganization energy, and Urbach energy for the eight different 
polymers. Fits for the other materials can are given in Figure 5.13 in the appendix. 

The fits of eq. (5.1) for PDPP5T and P3HT, and the overview of all fit results for the eight 
polymers are shown in Figure 5.8. The fits for the other polymers are given in Figure 5.13 

a) 

b) 

c) 
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in the appendix and the numerical values for all fits in Table 5.2 on page 109. The trap state 
intensity is very low, especially compared to the trap state intensity in PDS measurements. 
However, in comparison with the intensity of the charge-transfer state in a P3HT:[60]PCBM 
blend, in both cases, the intensity is approximately 0.01% of the EQE at the optical band 
edge. 

A large spread in both ECT and   could be observed for the eight materials. Furthermore, 
in half of the materials, two sub-band gap Gaussian distributions were necessary during 
fitting to take extra sub-band gap transitions into account, as for example shown for P3HT 
in Figure 5.8b. This seems to imply that for these materials two distinct trap states might be 
present. These two states can be attributed to changes in local morphology and crystallinity, 
for example, the amorphous and crystalline phases.58,59 PCE10, MDMO-PPV, and F6BT also 
show two distinct trap state contributions to the sub-band gap EQE: a deep trap, 
equivalently observed for the other materials, and a shallow trap at or slightly below the 
band edge. These different types of trap states have been distinguished before.60-62 The 
shallow trap state cannot be observed for the first four polymers for which the fit results 
are shown in Figure 5.8c. A schematic energy diagram for the diodes is given in Figure 5.9, 
including spreads on the HOMO, LUMO, and trap state energies. 

 
Figure 5.9. Schematic energy diagram for the polymer diodes used in this research. 

5.4 Trap state energy for conjugated polymers 
Nicolai et al. argued that organic semiconductors have a universal trap level at –3.6 eV below 
vacuum, originating from an interaction with hydrated oxygen complexes.23 To analyze the 
correspondence between the EQE spectra measured in this research and this universal trap 
level, the EQE spectra are shifted along the energy axis such that the optical band edge is 
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aligned with the polymer LUMO level minus half the exciton binding energy.63,64 The polymer 
HOMO and LUMO levels have been obtained from literature or from square-wave 
voltammetry measurements and are listed in Table 5.1 together with the optical band edges 
Eg,EQE and exciton binding energy Eb, defined as the difference between the electrochemical 
band gap Eg,SWV and Eg,EQE, used for the shift. 

Table 5.1. Polymer HOMO and LUMO levels used in this research, derived from square-wave voltammetry 
measurements or obtained from literature (ref. 63, 65- 68), electrochemical and optical band gap, and the exciton 
binding energy. 

Polymer HOMO 
(eV) 

LUMO 
(eV) 

Eg,SWV 
(eV) 

Eg,EQE 
(eV) 

Eb 
(eV) 

PDPPTDTPT –4.61 –3.00 1.61 1.29 0.32 
PDPP3T –4.87 –3.10 1.77 1.40 0.37 

PDPPDCBT –5.10 –3.20 1.90 1.48 0.42 
PDPP5T –4.61 –3.00 1.61 1.53 0.08 
PCE10 –5.15 –3.04 2.11 1.68 0.43 
P3HT –5.00 a –3.00 a 2.00 1.98 0.02 

MDMO-PPV –5.22 b –2.86 b 2.36 2.19 0.17 
F6BT –5.68 c –2.96 c 2.72 2.53 0.19 

a As reported in ref. 65. b Literature values converted to EFc/Fc+ = –4.59 eV. c As reported in ref. 68 for F8BT. 
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Figure 5.10. a) Exciton binding energy and b) optical and electrochemical band gap for all eight polymers. Numeric 
data also are listed in Table 5.1. c) EQE for eight polymers as a function of the energy versus vacuum. The universal 
trap level energy (–3.6 eV, ref. 23) is indicated. EQE spectra have been translated vertically to enhance clarity. 
Vertical dotted lines indicate ELUMO – ½Eb. 

a) 

b) 

c) 
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The energy-shifted EQEs are shown in Figure 5.10. After shifting, the trap states are mostly 
located in the same energy range (on an absolute energy scale), albeit with a significant 
spread. In Figure 5.10 also the universal trap level reported by Nicolai et al. is indicated, with 
a ±0.2 eV spread. For most of the eight polymers the trap state is indeed close to the shaded 
area, although in for example F6BT the traps seem to be located at a significant lower 
energy. The maximum of the Gaussian in eq. (5.1) is spread over a 1 eV range, as listed in 
Table 5.2, and has an average energy of –3.5 ± 0.2 eV below vacuum. The energy versus 
vacuum of the charge-transfer state, however, is located at a much lower average energy of 
–4.2 ± 0.3 eV, much lower than the previously reported universal trap level of Nicolai et al., 
at –3.6 eV.23 Furthermore, from Figure 5.8c and Table 5.1 it appears that polymers with a 
less negative HOMO energy have a higher trap amplitude, related to the ease of oxidation. 

Further oxidation of the polymer with F4TCNQ as dopant, as shown in Figure 5.6 and in 
Figure 5.12a in the appendix, results in trap states that have a higher intensity and lower 
trap width in the EQE, but at approximately equal photon energy. This suggests that the 
dopant itself does not influence the trap state energy. Therefore, we propose a mechanism 
for charge generation where the trap state EQE has charge-transfer character between the 
polymer and doped states or trap states, schematically illustrated in Figure 5.11. Here, even 
if an excited state at the trap state is generated, the trap state still has to contribute to 
charge generation to contribute to the EQE. 

 
Figure 5.11. Schematic energy diagram, showing that, independent of the dopant, the sub-band gap EQE signal is 
originating from a CT-like transition from the HOMO of the polymer to its doped counterpart, and whether they 
might appear in EQE, PDS, or both. Dopant energy levels from literature ref. 23 or 69. Curved arrow shows some 
polaron transition might end up as a signal in the EQE. 
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Table 5.2. Trap state intensity, trap state energy, trap state width, and Urbach energy, all obtained from fits of 
eq. (5.1) to the sub-band gap EQEs. 

Polymer A 
(eV) 

ECT,1,opt 
(eV) 

  
(eV) 

EU 
(meV) 

Etrap,max 
(eV) 

ECT,1,vac 
(eV) 

PDPPTDTPT 4.51 ∙ 10-6 0.50 1.00 26 −2.95 −3.95 
PDPP3T 7.24 ∙ 10-7 0.76 0.60 38 −3.32 −3.92 

PDPPDCBT 1.56 ∙ 10-7 0.82 0.49 41 −3.58 −4.07 
PDPP5T 2.79 ∙ 10-7 0.82 0.39 37 −3.36 −3.75 
PCE10 4.63 ∙ 10-8 0.55 0.75 28 −3.64 −4.39 
P3HT 4.38 ∙ 10-7 0.85 0.62 33 −3.52 −4.14 

MDMO-PPV 3.81 ∙ 10-7 0.81 0.59 31 −3.73 −4.32 
F6BT 2.11 ∙ 10-8 0.47 1.18 43 −3.93 −5.11 

5.5 Conclusions 
For conjugated polymers that have previously been applied in efficient organic solar cells, 
the EQE of polymer diodes exhibits a clear sub-band gap transition. Several possible 
explanations for the sub-band gap transition have been discussed. Deliberate oxidation of 
the polymer with a p-type dopant like F4TCNQ resulted in more intense peaks in the EQE 
at the same energy, albeit that the characteristic polaron peaks present in the PDS are not 
reproduced in the EQE. We tentatively ascribe the sub-band gap signal to a charge-transfer 
like transition from the HOMO of the undoped polymer to a doped state of the polymer 
or a common trap level that serves as an acceptor. After normalizing to an absolute energy 
scale, the trap state energy was found to be approximately equal for all materials (−3.5 eV) 
albeit with a significant spread (±0.21 eV). Further research is necessary to examine the 
possible influence of the device configuration and the electrode materials on the sub-band 
gap transition energy and intensity. 

5.6 Experimental section 
5.6.1 Materials 
All chemicals, solvents and co-solvents were obtained from commercial suppliers and used without 
any further purification. PCE10, P3HT (≥99.995% trace metals basis), PDPP5T, F6BT, and F4TCNQ 
were obtained from 1-Material Ltd., Sigma-Aldrich, BASF, American Dye Source, and Ossilla, 
respectively. PDPPTDTPT, PDPP3T, PDPPDCBT, and MDMO-PPV were synthesized by coworkers 
according to procedures described in literature.32-34,70 

Patterned ITO-coated glass substrates were obtained from Naranjo Substrates (The Netherlands). 
PEDOT:PSS (CLEVIOSTM P VP AI 4083) was purchased from Heraeus Deutschland GmbH & Co. KG 
(Germany). 

5.6.2 Diode and thin film fabrication 
Patterned ITO substrates were cleaned by ultrasonication in acetone, followed by rubbing with an 
aqueous solution of sodium dodecyl sulfate, ultrasonication in an aqueous solution of sodium dodecyl 
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sulfate, rinsing with demineralized water, and ultrasonication in 2-propanol. Just before spin coating, a 
30 minute treatment with UV-ozone was applied. Before application of the active layer, the 
PEDOT:PSS dispersion was filtered using a 0.45 µm PVDF filter and then a ca. 40 nm thick PEDOT:PSS 
layer was applied via spin coating, in air, at 2000 rpm for 60 s, followed by the active layer as detailed 
below for each material. As a top electrode, 1 nm lithium fluoride and 100 nm aluminum were 
thermally evaporated at a pressure below 5 × 10-7 Torr. The active area of the diode was 0.09 cm2 or 
0.16 cm2. 

Glass substrates were cleaned by ultrasonication in acetone, followed by rubbing with an aqueous 
solution of sodium dodecyl sulfate, ultrasonication in an aqueous solution of sodium dodecyl sulfate, 
rinsing with demineralized water, and ultrasonication in 2-propanol. Just before spin coating, a 
30 minute treatment with UV-ozone was applied. Application of the active layer film was performed 
as for the polymer diodes. 

PDPPTDTPT diodes: 9 mg/mL PDPPTDTPT was dissolved in chloroform with 5% ortho-
dichlorobenzene as a co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the 
solution was stirred at room temperature for 1 min. Deposition was performed by spin coating inside 
a nitrogen-filled glove box, at 2000 rpm for 60 s. 

PDPP3T diodes: 4 mg/mL or 9 mg/mL PDPP3T was dissolved in chloroform with 7.5% ortho-
dichlorobenzene as a co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the 
solution was stirred at room temperature for 1 min. Deposition was performed by spin coating inside 
a nitrogen-filled glove box, at 500 rpm or 1000 rpm for 60 s for the 4 mg/mL and 9 mg/mL solutions, 
respectively. 

PDPPDCBT diodes: 8 mg/mL PDPPDCBT was dissolved in chloroform by stirring at 90 °C for at least 
1 h. Deposition was performed by spin coating inside a nitrogen-filled glove box, at 1000 rpm for 60 s. 

PDPP5T diodes: 18 mg/mL PDPP5T was dissolved in chloroform with 5% ortho-dichlorobenzene as a 
co-solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at 
room temperature for 1 min. Depositing was performed by spin coating inside a nitrogen-filled glove 
box, at 2000 rpm for 60 s. For the diodes with F4TCNQ as a dopant, 18 mg/mL PDPP5T and 0 – 1 wt% 
F4TCNQ were dissolved in chloroform with 5% ortho-dichlorobenzene as a co-solvent, by stirring at 
90 °C for at least 1 h. Just before spin coating, the solution was stirred at room temperature for 1 min. 
Deposition was performed by spin coating inside a nitrogen-filled glove box, at 2000 rpm for 60 s. 

PCE10 diodes: 10 mg/mL PCE10 was dissolved in chlorobenzene with 3% 1,8-diiodooctane as a co-
solvent, by stirring at 90 °C for at least 1 h. Just before spin coating, the solution was stirred at room 
temperature for 1 min. Deposition was performed by spin coating inside a nitrogen-filled glove box, 
at 1500 rpm for 60 s. For the diodes with F4TCNQ as a dopant, 10 mg/mL PCE10 and 0 – 5 wt% 
F4TCNQ were dissolved in chlorobenzene, by stirring at 90 °C for at least 1 h. Just before spin coating, 
the solution was stirred at room temperature for 1 min. Deposition was performed by spin coating 
inside a nitrogen-filled glove box, at 2000 rpm for 60 s. 

P3HT diodes: 10 mg/mL P3HT was dissolved in chlorobenzene by stirring at 90 °C for at least 1 h. 
0 – 10 wt% F4TCNQ was added to this solution and stirring was continued for 20 min at 90 °C. 
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Deposition was performed by spin coating inside a nitrogen-filled glove box, at 1500 rpm for 60 s. For 
the diodes with lower F4TCNQ doping concentrations, 10 mg/mL P3HT and 0 – 5 wt% F4TCNQ 
were dissolved in chlorobenzene, by stirring at 90 °C for at least 1 h. Just before spin coating, the 
solution was stirred at room temperature for 1 min. Deposition was performed by spin coating inside 
a nitrogen-filled glove box, at 2000 rpm for 60 s. 

MDMO-PPV diodes: 5 mg/mL MDMO-PPV was dissolved in chloroform by stirring at 90 °C for at 
least 1 h. Just before spin coating, the solution was stirred at room temperature for 1 min. Deposition 
was performed by spin coating inside a nitrogen-filled glove box, at 500 rpm for 60 s. 

F6BT diodes: 10 mg/mL F6BT was dissolved in chloroform by stirring at 90 °C for at least 1 h. Just 
before spin coating, the solution was stirred at room temperature for 1 min. Deposition was 
performed by spin coating inside a nitrogen-filled glove box, at 1000 rpm for 60 s. 

5.6.3 Diode and optical characterization and optical modelling 
Regular EQE measurements were performed using a 50 W Philips Focusline tungsten-halogen lamp, 
which was modulated using a mechanical chopper, and was passed through an Oriel Cornerstone 130 
monochromator. The cell response was recorded as the voltage from a Stanford Research Systems 
SR570 preamplifier using a SR830 lock-in amplifier. As a reference, a calibrated silicon cell was used. 

Sensitive EQE measurements were performed using an Osram 64655 HLX 250 W halogen lamp, of 
which the light was chopped using an Oriel 3502 optical chopper. The light was subsequently passed 
through a Cornerstone 260 monochromator (CS260-USB-3-MC-A). The cell was placed in a nitrogen-
filled box and its response was recorded as the voltage from a Stanford Research Systems SR570 
preamplifier using a SR830 lock-in amplifier. No extra bias light was applied in the sensitive EQE 
measurements. As a reference, a calibrated silicon and InGaAs cell were used. The results of the 
sensitive EQE measurements were corrected for cell area using regular EQE measurements. For both 
regular and sensitive EQE measurements, the diodes were placed in a nitrogen-filled container behind 
a quartz window. 

Transmission and reflection spectra were measured on a Perkin-Elmer Lambda 1050 spectrometer. 

For photothermal deflection spectroscopy polymer films on a glass substrates were suspended in a 
fused silica cuvette containing the inert liquid Fluorinert FC-72 (Sigma-Aldrich), which has a strongly 
temperature dependent refractive index. Monochromatic light (from a Newport Cornerstone 260), 
modulated at 4 Hz and focused into a 1 mm by 8 mm horizontal stripe, is incident perpendicular to 
the sample. Absorption results in heating due to non-radiative (thermal) decay, generating a modulated 
temperature (and hence refractive index) gradient in the adjacent liquid. This gradient deflects a 
633 nm HeNe laser aligned parallel and adjacent to the film. A quadrant detector (Thorlabs PDQ80A) 
2 m from the sample amplifies the deflection geometrically, with the signal extracted using a lock-in 
amplifier (Stanford SR830) at the incident modulation frequency. This deflection signal at each incident 
wavelength is assumed to be directly proportional to the absorption coefficient (A) at relatively small 
deflections (once divided by incident intensity), and then scaled to overlap with the absorption co-
efficient determined from transmission T and reflection R spectra acquired with a conventional UV-vis 
via: 
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  (5.2) 

in which d is the film thickness. The probe beam is enclosed within a 1 cm diameter tube to 
substantially reduce noise attributed to fluctuating air density. Furthermore, a range of low-pass filters 
between the light source and monochromator are used to ensure that unwanted higher energy 
harmonics do not reach the sample and hence contribute to absorption. 

Optical simulations were performed using a transfer-matrix calculation script in Matlab, based on 
previous work of Burkhard et al.46 and extended in-house. The stack used for these simulations 
consisted of silicon dioxide (0 nm), indium tin oxide (100 nm), PEDOT:PSS (30 nm), P3HT (100 nm), 
lithium fluoride (1 nm), silver (100 nm), and air (infinite). 

Layer thicknesses were determined using a Veeco Dektak 150 Surface Profiler. 
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5.7 Appendix 
5.7.1 Oxidative doping of PDPP5T with F4TCNQ 
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Figure 5.12. a) PDS and b) EQE for oxidative doping of PDPP5T with different weight percentages of F4TCNQ. 
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5.7.2 Fits of eq. (5.1) to the sub-band gap EQE spectra 
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Figure 5.13. Fit of eq. (5.1) to the sub-band gap EQE spectra of polymer diodes of a) PDPPTDTPT, b) PDPP3T, 
c) PDPPDCBT, d) PCE10, e) MDMO-PPV, and f) F6BT. 
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Chapter 6 
The effect of the charge-transfer 

state energy on charge generation 
efficiency via singlet fission in 
pentacene-fullerene solar cells 

 

 

Abstract 
Singlet fission in pentacene creates two triplet excitons per absorbed photon. In a solar cell 
each triplet can generate an electron-hole pair, and hence, external quantum efficiencies 
(EQEs) exceeding 100% have been reported for pentacene-fullerene solar cells. The 
energetics of this process are intriguing because the minimum photon energy loss, defined 
as the energy difference between the (triplet) exciton state and the open-circuit voltage, is 
less than 0.5 eV and distinctively smaller than that in most organic donor-acceptor solar 
cells. To investigate the energetics of this process, we analyze the effect of the energy of 
the lowest unoccupied molecular orbital (LUMO) for different fullerene derivatives. With 
the LUMO energy becoming less negative, the open-circuit voltage increases and charge 
generation decreases. For all but one of the fullerenes tested, the charge-transfer state 
energy is distinctively higher than the pentacene triplet energy, revealing that charge 
generation via singlet fission is actually endergonic. An elementary Marcus model for the 
rate of electron transfer provides a qualitative description of the experimental trends, in 
accordance with an endergonic charge transfer. Considering that charge generation from 
triplet states is endergonic, involvement of pentacene singlet states, either from direct 
photoexcitation or via triplet-triplet annihilation, cannot be excluded. 

 

 

This chapter is partially reproduced from: 
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Energy on Charge Generation Efficiency via Singlet Fission in Pentacene-Fullerene Solar Cells, 
J. Phys. Chem. C, accepted, doi:10.1021/acs.jpcc.9b00568.  



Chapter 6 

122 

6.1 Introduction 
Singlet fission is a spin-allowed process in which a singlet exciton (S1) generates two triplet 
excitons (T1), dividing the excited state energy over two molecules. Singlet fission was first 
observed in anthracene crystals,1 but has since been identified in a wide range of organic 
compounds.2- 5 Singlet fission is generally considered to take place via an intermediate 
correlated triplet-pair state with an overall singlet character (1(TT)), which dissociates into 
a two independent triplet excitons, according to the following reaction:6 

  1

0 1 1 1S S TT T T       (6.1) 

One prerequisite for singlet fission is that the S1 state energy is at least equal to twice the 
T1 state energy: 

    1 1S 2 TE E ,  (6.2) 

although endothermic singlet fission has been observed in tetracene, likely by thermal 
activation of the 1(TT) state.7 Singlet fission has been studied in detail using ultra-fast 
spectroscopies and is known to occur on extremely short time scales with very high 
efficiency.8- 16 By generating two triplet excitons, singlet fission has the potential to generate 
up to two electron-hole pairs per absorbed photon and double the photocurrent in solar 
cells, provided the formed triplet excitons can produce free charges.17 Presently, pentacene-
C60 is the most widely studied donor-acceptor combination to exploit the benefits of singlet 
fission in solar cells. Pentacene has a S1 energy of 1.83 eV and a T1 energy of 0.86 eV.18,19 In 
pentacene-C60 solar cells the external quantum efficiency (EQE) can exceed 100% and values 
as high as 126% have evidenced the role of singlet fission in charge generation.20- 22 

It is important to note that to enhance the power conversion efficiency (PCE) of a solar cell, 
the singlet-fission material must be combined with a second semiconductor with an optical 
band gap half of that of the singlet fission material. In that case, the theoretical detailed-
balance maximum power conversion efficiency (PCE) of a single-junction cell is 41.9%,23 
which is a considerable increase compared to the Shockley-Queisser limit of 33.7% for 
conventional single-junction solar cells.24 Despite this attractive prospect, such a device has 
not yet been demonstrated and there is also no appropriate design for it at present. Probably 
the most viable route to exploit singlet fission is by using it as a down-converter in front of 
a small band gap solar cell in which two triplet states, generated by the absorption of a single 
photon, transfer their energy transfer to a small-band gap semiconductor such as PbS or 
PbSe.25- 29 Alternatively, a singlet fission cell can be combined with a small band gap solar 
cell, for example a Si solar cell, in a tandem configuration.30- 33 It must be noted, though, that 
the theoretical maximum of a tandem cell, having one or two singlet-fission sub cells, does 
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not exceed that of a normal tandem solar cell.23 The prospects of using singlet fission in 
enhancing the efficiency of photovoltaic devices has been reviewed recently.6,34 

An intriguing, but less-discussed aspect of pentacene-C60 solar cells is the Voc, which amounts 
to 0.36 V for the cell with an EQE of 126%.22 Although this may seem moderate on an 
absolute scale, it is actually large considering the fact that the pentacene triplet energy is at 
0.86 eV. For organic solar cells the minimum photon energy loss, defined as: 

 loss g ocE E qV   (6.3) 

where q is the elementary charge, is typically ~0.6 eV,35- 37 although, exceptions to less than 
0.5 eV have been reported for conjugated polymers combined with non-fullerene 
acceptors.38 In this respect, Gao et al. recently emphasized the importance of a consistent 
and relevant method to determine the optical gap, when comparing the voltage loss as a 
metric for the performance of organic solar cell materials and argued that the real voltage 
losses are not much less than 0.6 V in state-of-the-art solar cells.39 Nevertheless, the 
resulting minimum photon energy loss of 0.50 eV in pentacene-C60 is remarkably small for 
an organic solar cell with such high EQE.37 In fact, the Voc of pentacene-C60 solar cells can be 
even higher. Brigeman et al. report Voc = 0.42 V.40 Even more intriguing, by using graphene 
as an epitaxial layer to grow pentacene with lying-down orientation, Jo et al. have achieved 
Voc = 0.62 V for pentacene-C60 solar cells.41 Compared to the 0.86 eV energy of the T1 state, 
the energy loss relative to qVoc is only 0.24 eV. The EQE of the cells reported by Jo et al. 
was circa 50% at the pentacene S0 → S1 absorption band and, hence, there is no direct proof 
that singlet fission occurs in this particular solar cell, even though it is very likely. 

A potentially useful way of investigating the energetics of charge generation via singlet fission, 
and consequently via triplet states, is by considering the pentacene-C60 charge-transfer (CT) 
state. It is well known that the energy of the CT state (ECT) in organic solar cells is related 
to Voc.35,36,42 For bilayer pentacene-C60 solar cells, Lin et al. determined ECT = 0.97 – 0.99 eV 
and Voc = 0.28 – 0.32 V,43 and proposed that dissociation of the pentacene triplet state may 
require slight thermal activation.43 We note that the energy difference of ca. 0.68 eV 
between ECT and qVoc as found by Lin et al. is slightly higher than the empirical relation: 

 oc CT 0.6qV E   eV (6.4) 

commonly observed for donor-acceptor organic solar cells.42 The significant Voc loss suggests 
that non-radiative recombination is certainly not strongly suppressed in these cells. 

In this work, we study the effect of the energy difference between the triplet energy level 
of pentacene and the energy of the pentacene-fullerene CT state, using five fullerene 
derivatives KLOC-6, C60, [60]PCBM, [60]IPB, and ICBA (Figure 6.1) with different lowest 
unoccupied molecular orbital (LUMO) energies (ELUMO). Because ECT is related to the 
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difference in energy between the highest occupied molecular orbital (HOMO) of the 
pentacene donor and the LUMO of the fullerene acceptor, we can control ECT via the ELUMO 
of the fullerene. For bilayer fullerene-pentacene solar cells we observe a clear increase in 
Voc proportional with a less negative ELUMO of the fullerene derivative, with a concomitant 
loss of EQE associated with the pentacene S0 → S1 absorption band. Using EQE 
measurements, we determine the energy (ECT) and reorganization energy ( ) of the 
corresponding CT state. For all but one of the fullerene derivatives tested, ECT is higher than 
E(T1). This demonstrates that charge generation from the pentacene T1 state is endergonic. 
To explain the results in a semi quantitative way, we correlate ECT and   in a Marcus model 
for the rate for electron transfer with the experimental EQE and find qualitative agreement 
with the experimental trend. Because charge generation from triplet states is strongly 
endergonic in some cases, contributions from singlet states to the charge generation in 
pentacene-fullerene solar cells cannot be excluded. 

O

O

[60]PCBM

ICBA

2

N

O

O

OC6H13

OCH3

O

O C4H9

KLOC-6 C60

[60]IPB  
Figure 6.1. Chemical structures of the fullerenes used in this chapter: KLOC-6, C60, [60]PCBM, [60]IPB, and 
ICBA. 

6.2 LUMO levels of the fullerene derivatives 
To determine the reduction potentials of the five different fullerene derivatives, square-
wave voltammetry (SWV) experiments were performed on thin fullerene films on a platinum 
wire. The normalized SWV reduction waves of these fullerene derivatives are shown in 
Figure 6.2a and the onsets listed in Table 6.1. Although the peaks are sharp and the onsets 
of reduction are clearly defined for KLOC-6, [60]PCBM, [60]IPB, and ICBA, the 
voltammogram of C60 shows a broad and ill-defined reduction wave. The likely origin of the 
atypical reduction wave is the strong tendency of C60 to crystallize, which precludes influx 
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of cations in the film during the reduction. Compared to the other fullerenes, C60 is more 
crystalline in thin films because it lacks solubilizing side chains.44  
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Figure 6.2. Square-wave voltammograms of the reduction of the five fullerenes in a) thin film and b) solution. The 
vertical lines indicate the reported onset potentials. c) Relationship between reduction potentials of the fullerene 
derivatives as obtained from measurements in solution and in thin film, and the determination of the expected 
reduction potential of C60 in thin films. The dashed line is a linear fit to the data for KLOC-6, [60]PCBM, [60]IPB, 
and ICBA. 

Table 6.1. SWV onset reduction potentials and LUMO energies of the fullerene derivatives in film and solution. 

Fullerene Ered,film 
(V vs. Fc/Fc+) 

Ered,sol 
(V vs. Fc/Fc+) 

ELUMO b 
(eV) 

KLOC-6 −0.76 −0.94 –4.04 
C60 –0.85 a −1.01 –3.95 

[60]PCBM −0.98 −1.09 –3.82 
[60]IPB −1.01 −1.14 –3.79 
ICBA −1.10 −1.25 –3.70 

a Estimated from the correlation between Ered,film and Ered,sol (Figure 6.2c). b Calculated from eq. (6.5). 

To exclude the effects of film morphology, the reduction potentials of all fullerenes have 
also been measured in an ortho-dichlorobenzene solution. Figure 6.2b shows the normalized 
SWV reduction waves. The difference in the reduction potentials of KLOC-6, C60, 
[60]PCBM, [60]IPB, and ICBA matches previously reported differences in reduction 
potentials of cyclic voltammetry measurements on these or equivalent fullerene 
derivatives.45- 47 Figure 6.2c reveals a linear correlation between Ered,film and Ered,sol for the 

a) b) 

c) 
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fullerene derivatives and results in an estimated value of Ered,film = −0.85 V vs. Fc/Fc+ for C60. 
The LUMO energies (Table 6.1) were calculated from: 

 LUMO red,film4.8E qE  [eV]. (6.5) 

6.3 Pentacene-fullerene solar cells 
Solar cells were fabricated to study the effect of the fullerene LUMO energy on the charge 
generation in combination with pentacene. Pentacene-C60 bilayer devices are commonly 
studied in a regular device configuration using indium tin oxide (ITO) with poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the bottom contact, poly(3-
hexylthiophene) (P3HT) as the triplet blocking layer, and bathocuproine (BCP) with silver 
as the top contact. However, the fabrication of non-shunted regular configuration devices 
was only reproducible for C60. The other fullerenes cannot be deposited by thermal 
evaporation and spin coating of fullerene solutions on top of P3HT/pentacene resulted in 
mixing of these three materials, reducing device performance. This problem can be 
circumvented by using an inverted device configuration and first depositing the fullerene 
layer from solution, followed by thermal evaporation of the pentacene layer. We tested two 
inverted configurations with either ITO/ZnO or ITO/PEIE layer as the bottom contact and 
MoO3/Ag as the top contact, achieving similar results. In the remainder, we focus on the 
inverted ITO/PEIE/fullerene/pentacene cells which gave more reproducible results and 
compare these to the regular configuration pentacene-C60 solar cells. 

Table 6.2 and Figure 6.3a show the solar cell parameters and the J–V characteristics of the 
regular configuration pentacene-C60 and inverted configuration fullerene-pentacene solar 
cells. The inverted configuration C60-pentacene cell has a higher Voc and FF than the regular 
pentacene-C60 cell, but the short-circuit current density (Jsc) is significantly reduced (Table 
6.2). For the regular configuration, the device characteristics are virtually identical to those 
recently reported by Ehrler et al.31 For the inverted configuration, however, the Jsc is lower 
than reported by Ehrler et al. (3.2 vs. 5.1 mA/cm2) who used an ITO/ZnO bottom contact, 
but the Voc and FF are higher. These differences might be related to the differences in active 
layer thickness (37 nm C60 and 50 nm pentacene used here vs. 30 nm C60 and 60 nm 
pentacene in ref. 31) that reduce the absorption in the active layer. A further difference is 
the use of PEIE instead of ZnO in the bottom contact, as for ZnO devices we also observe 
higher Jsc (and lower Voc and FF) than with PEIE (3.7 vs. 3.2 mA/cm2). 

The EQE of the regular and inverted pentacene-C60 devices (Figure 6.3b) reveals that the 
drop in Jsc is associated with a considerable loss of the contribution of pentacene. In the 
inverted configuration the EQE at 670 nm is only 16% compared to 47% for the regular 
configuration solar cell. Optical modelling on the complete layer stacks for both 
configurations reveals that in the regular device the absorption at 670 nm is higher by a 



The effect of the charge-transfer state energy on charge generation efficiency via singlet 
fission in pentacene-fullerene solar cells 

127 

factor of 1.2. As a consequence, the reduction of the EQE at 670 nm by a factor of 3 
demonstrates a reduced tendency for charge generation in the inverted cells. The possible 
reason for this will be discussed below. 

For the other fullerenes the Voc increases with the increasing (i.e., a less negative) LUMO 
energy (Figure 6.3a) but the current density drops, showing that charge generation becomes 
more difficult. This is also reflected in the EQE of these solar cells (Figure 6.3b) where for 
C60, [60]PCBM, [60]IPB, and ICBA the main difference is a drop in the EQE at 670 nm with 
increasing ELUMO. The only exception is the cell made with KLOC-6, where the Jsc and EQE 
are lower than expected based on the ELUMO. 

Table 6.2. Characteristics of inverted configuration fullerene-pentacene solar cells and the regular configuration 
pentacene-C60 cell. 

Fullerene Voc 
(V) 

Jsc a 
(mA/cm2) 

FF 
(–) 

PCE 
(%) 

EQE b 
(%) 

ECT c 
(eV) 

  c 
(eV) 

KLOC-6 0.21 1.50 0.50 0.16 12 0.81 ± 0.03 0.70 ± 0.03 
C60 inv. 0.44 3.23 0.60 0.86 16 1.07 ± 0.01 0.27 ± 0.01 

[60]PCBM 0.45 2.12 0.60 0.57 13 1.12 ± 0.01 0.25 ± 0.01 
[60]IPB 0.46 1.74 0.56 0.45 11 1.14 ± 0.01 0.26 ± 0.01 
ICBA 0.60 0.53 0.59 0.19 2 1.22 ± 0.02 0.31 ± 0.02 

C60 reg. 0.35 6.59 0.47 1.08 47 0.96 ± 0.02 0.27 ± 0.02 
a Jsc from integration of the EQE spectrum with the AM1.5G spectrum. b EQE at 670 nm corresponding to the 

S0 → S1 absorption of pentacene. c ECT and  determined by fitting of eq. (6.6) to the sub-band gap EQE, of which 
the fits are shown in Figure 6.9 in the appendix of this chapter. 
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Figure 6.3. a) J–V characteristics and b) EQE of the optimized inverted configuration fullerene-pentacene and 
regular configuration pentacene-C60 solar cells under simulated AM1.5 G (100 mW/cm2) illumination. 

6.4 Charge-transfer states 
For a deeper understanding of the role of singlet fission and to determine the CT state 
energy, sub-band gap EQE spectra of all solar cells were measured. Figure 6.4 reveals a clear 
contribution to the EQE at photon energies below 1.6 eV, that is, below the absorption 
onsets of pentacene or of the fullerene derivatives. These sub-band gap features are assigned 
to a CT absorption that is dominated by a direct transition of an electron from the HOMO 
of pentacene to the LUMO of the fullerene. Apart from the KLOC-6/pentacene solar cell, 

a) b) 
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the intensity of the CT band decreases when the LUMO energy becomes less negative. This 
trend is in agreement with the decreasing EQE for photons absorbed above the optical band 
gap. The position of the CT band shifts to higher energies, which is consistent with the 
increase in Voc of the solar cell for less negative fullerene LUMO levels. 

The low-energy sides of the spectra, were fitted to: 

  
 2

CTEQE exp
44π

E Ef
E

kTE kT





         
  (6.6) 

to extract the charge-transfer state energy (ECT) and reorganization energy ( ) from the 
spectra.48 In eq. (6.6), k is the Boltzmann constant, E is the photon energy, T is the absolute 
temperature, and f is a parameter that is related to the electronic coupling between the 
initial ground state and the excited CT state and the optical interference in the layer stack. 
For the inverted configuration C60-pentacene solar cell, the fit of eq. (6.6) to the sub-band 
gap EQE is shown in Figure 6.4. The fits for the other solar cells are shown in Figure 6.9 in 
the appendix. The resulting values for ECT and   are reported in Table 6.2. 

Comparing the results of the fits of eq. (6.6) to the low-energy EQE shoulder for regular 
and inverted configuration pentacene-C60 solar cells reveals that the increase in Voc from 
0.34 to 0.44 V by changing the device configuration is reflected in ECT, which increases from 
0.96 to 1.07 eV, whereas   remains 0.27 eV. It is common to fit eq. (6.6) to the low photon-
energy feature of the EQE spectrum, but this does not exclude that CT states at higher 
energies can be present. In fact, two different CT states were identified at 0.96 and 1.30 eV 
for pentacene-C60 cells by Brigeman et al. using polarized EQE measurements.40 

The ECT for the regular-configuration pentacene-C60 solar cell corresponds to the value 
reported by Lin et al.43 Lin et al. demonstrate in their study that ECT depends on the 
nanomorphology of the pentacene-C60 interface and ECT varies in the range of 0.97 to 
1.09 eV depending on the nanomorphology.49 This may rationalize the difference in ECT 
between regular and inverted configurations. We have performed atomic force microscopy 
(AFM) experiments on pentacene layers evaporated on P3HT as in the regular cells and on 
layers of C60 and PCBM as in the inverted cells (Figure 6.5). In each case, we observe the 
well-known pentacene terraces that indicate a standing-up phase of the pentacene at the 
top surface, with the only difference being the size of the lateral domains. In the regular 
cells, this implies that there will be an edge-on arrangement of pentacene and the C60 
evaporated on top. In the inverted cells, this is less obvious. For pentacene evaporated on 
C60, first a few monolayers of face-on oriented pentacene are formed, on top of which the 
remainder of the pentacene grows in the standing-up phase.50 This would leave a 
predominant face-on interaction of pentacene with C60 at the interface. A recent ultraviolet 
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photoelectron spectroscopy study on the energy alignment at pentacene/C60 interfaces 
reveals that the HOMO-LUMO gap at the interface varies from 0.75 eV for an edge-on 
arrangement of the molecules, to 1.50 eV for a face-on orientation.51 This explains indeed 
in more detail why there is a difference between the CT (ECT) state energy and the open-
circuit voltage (Voc) of regular versus inverted pentacene/C60 cells. 
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Figure 6.4. Sub-band gap EQE of the optimized inverted configuration solar cells, for KLOC-6 (grey), C60 (red), 
[60]PCBM (blue), [60]IPB (green), and ICBA (purple). A fit of eq. (6.6) for the pentacene-C60 solar cell is shown 
with the dotted red line. Fits for all solar cells can be found in Figure 6.9 in the appendix of this chapter. 

 
Figure 6.5. AFM height images (0.5 µm × 1 µm, scale height is 50 nm) of pentacene evaporated on P3HT (left), 
C60 (middle) and PCBM (right). 

For the other fullerene derivatives, ECT evolves in an approximately linear fashion with the 
slope close to −1 with a more negative ELUMO (Figure 6.6a). The largest deviation is found 
for C60, for which ELUMO could not be determined directly. The reorganization energy varies 
in a narrow range from 0.25 to 0.31 eV, consistent with previous studies,48,52,53 except for 
the cell with the KLOC-6/pentacene active layer, where the sub-band gap EQE feature is 
considerably wider and the fitted   amounts to 0.70 eV, that is, more than double the   
value for the other material combinations. Such high reorganization energy is not expected 
for an electron delocalized on the C60 cage. Although some localization of the electron at 
the ketolactam unit would result in an increased  , the broadening of the CT band of 
KLOC-6/pentacene might have another origin. We note that according to Marcus theory, 
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an increased reorganization energy for the KLOC-6/pentacene combination can result in a 
reduced rate for charge transfer and hence may explain the low Jsc despite the favorable 
energetics for charge transfer from the pentacene T1 state. 
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Figure 6.6. a) Dependence of Voc and ECT in fullerene-pentacene bilayer cells on the LUMO energy of the fullerene 
derivative. b) State diagram for inverted fullerene-pentacene and the regular pentacene-C60 bilayer configuration 
solar cells, for the different fullerenes. The dotted horizontal line indicates the T1 triplet energy level of pentacene 
(0.86 eV). 

The state energy diagram shown in Figure 6.6b can be constructed from the data in Table 
2. The diagram shows that ECT is strongly correlated with Voc. The difference between ECT 
and qVoc amounts to 0.64 ± 0.03 eV, which is in the usual range for organic solar cells.42 For 
KLOC-6, ECT is just below the T1 level of pentacene at 0.86 eV, indicating that charge 
generation via the triplet state of pentacene is energetically favorable. For C60, [60]PCBM, 
[60]IPB, and ICBA, however, ECT is above the pentacene T1 energy level, which implies that 
current generation via the pentacene T1 state is endergonic. In particular, although the 
ICBA-pentacene cell shows the highest Voc and ECT, it exhibits a negligible contribution of 
pentacene (<2%) to the EQE. In their study on pentacene-C60 solar cells Lin et al. rationalize 
the remarkable result that charge generation is endergonic by the fact that there exists a 
Gaussian distribution of CT states, such that charge transfer may occur from those CT 
states that are below the pentacene T1 state. Time-dependent density functional theory 
applied to C60-pentacene clusters has revealed that the conversion from pentacene triplet 
states to the triplet CT states is in the picosecond regime even though the molecular triplet 
states are slightly lower than the triplet CT state.54 

Alternatively, the triplet energy of pentacene may be broadened or even differ from its 
generally quoted value of 0.86 eV. In fact, only few studies exist in which the pentacene T1 
level (E(T1)) has been determined experimentally. Burgos et al. determined E(T1) at 
0.86 ± 0.03 eV in tetracene single crystals from the activation energy for heterofission.19 
Energy electron loss spectra of polycrystalline pentacene films gave a peak at about 
0.85 ± 0.05 eV, attributed to the lowest pentacene triplet exciton.55 Time-resolved two-
photon photoemission spectroscopy has provided a similar value of 0.87 ± 0.05 eV.11 In 
frozen 2-methyltetrahydrofuran, 6,13-bis(triisopropylsilylethynyl)pentacene phosphoresces 

a) b) 
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at about 0.79 eV.56 On the other hand, using quantum confined PbSe nanocrystals as 
electron acceptors with tunable acceptor levels, Ehrler et al. found that E(T1) for pentacene 
lies between 0.85 and 1.00 eV.26 Using ultrafast optical absorption spectroscopy Tabachnyk 
et al. observed resonant triplet energy transfer from pentacene to PbSe nanocrystals with 
band gaps of 0.78 and 0.93 eV, but not for crystals with band gaps of 0.67 and 1.17 eV.27 
Hence, apart from a Gaussian broadening, the exact value of E(T1) may differ from the value 
of 0.86 eV. 
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Figure 6.7. The EQE at 670 nm corresponding to the S0 → S1 absorption of pentacene of fullerene-pentacene 
solar cells shown in Table 6.2 as function of ket calculated from eq. (6.7) using a) E(T1) = 0.86 eV and 
b) E(T1) = 0.96 eV. The dashed line is a guide to the eye and represents eq. (6.9). 

In an attempt to correlate the EQE at 670 nm, which represents the pentacene contribution, 
with the energetics of the electron transfer reaction, we consider the rate of electron 
transfer ket, which is given in the Marcus formalism by:57,58 
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Here,   is the reduced Planck constant and ⟨HPF⟩ is the electronic coupling between the 
pentacene T1 state and the pentacene-fullerene CT state. We assume the reorganization 
energy   in eq. (6.6) and eq. (6.7) to be equal. Although the ground state, triplet excited 
state, and the CT state may each have a different  , it is common to describe an electron 
transfer reaction with a single (common)  . Because eq. (6.6) and eq. (6.7) involve the same 
CT state, the same   can be used in first approximation. Figure 6.7a shows the correlation 
between the EQE at 670 nm and the ket calculated using the ECT and   values from Table 
6.2, assuming that E(T1) = 0.86 eV and ⟨HPF⟩ is invariant for the various pentacene-fullerene 

combinations. The EQE is the product of efficiencies of absorption ( A ), singlet fission and 

subsequent triplet exciton diffusion to the interface ( SF+TD ), charge generation ( CG ), and 

charge collection ( CC ). The efficiency for charge generation can be expressed as: 

a) b) 
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in which ki is the intrinsic decay rate of the triplet states, which is on the order of 6 to 20 ns 
in pentacene films.59 Because ⟨HPF⟩ in eq. (6.7) is unknown, a quantitative estimate is not 
possible. The dashed line in Figure 6.7, represents a function of the form 
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in which d  represents a small fraction of charges generated from absorption by the 

fullerenes. We note that apart from differences in charge generation, differences in charge 

collection ( CC ) may also occur for the different fullerenes. Despite the various 

approximations, the overall tendency of an increasing EQE at 670 nm with increasing rate 
constant for electron transfer that appears from Figure 6.7a demonstrates how subtle 
changes in ECT and   affect the efficiency for charge generation. Eq. (6.7) also provides a 
rationale for the low EQE of the KLOC-6/pentacene cell. That EQE is low because of the 
large reorganization energy, despite the exergonic electron transfer reaction. The 
corresponding graph for a slightly higher (assumed) triplet energy of E(T1) = 0.96 eV is 
shown in Figure 6.7b and reveals a similar, somewhat improved, correlation. The choice for 
E(T1) = 0.96 eV in Figure 6.7b makes the pentacene triplet state isoenergetic with the 
pentacene-C60 charge transfer state (in the regular device configuration) (Table 6.2). Eq. 
(6.7) also provides an indication for the low EQE of the KLOC-6/pentacene cell, where ket 
is reduced in consequence of the large reorganization energy, despite the exergonic electron 
transfer reaction, but the EQE is still less than expected based on ket indicating that other 
effects play a role as well. 

We note that the EQE (Figure 6.3b) also changes in the region where fullerenes absorb 
more light than pentacene, which is roughly at wavelengths below 500 nm. For the two C60 
cells, the EQE is larger in this region than for the fullerene derivatives. For the inverted 
C60/pentacene cell, the EQE at 450 mm is higher than at 670 nm. This makes it unlikely that 
fullerene triplet excitons transfer their energy to pentacene triplets, which then generate 
charges. Instead, it favors a mechanism in which charge generation originates from the 
fullerene triplet state at the interface with pentacene. The higher EQEs for the C60 cells 
compared to the other fullerenes may then be caused by the longer triplet exciton diffusion 
length in C60 than in the fullerene derivatives.60 The fact that the magnitude of the EQE 
below 500 nm also scales with the fullerene LUMO (except for KLOC-6) matches with the 
increased free-energy for charge generation, as the energy difference between the fullerene 
triplet state at 1.5 – 1.6 eV and the CT state is reduced. 
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6.5 Electroluminescence 
The electroluminescence (EL) of an inverted C60-pentacene solar cell was measured to study 
the charge-transfer state energy. At room temperature, no electroluminescence signal could 
be observed in the region around and below 1.08 eV, where emission from the charge-
transfer state would be expected, based on the charge-transfer state energy extracted from 
the sub-band gap EQE data. Instead, a clear peak in the electroluminescence spectrum was 
observed with a maximum at ca. 1.81 eV (Figure 6.8a) close to the first absorption peak of 
pentacene at 1.85 eV. The room-temperature photoluminescence spectrum of pentacene 
thin films has a peak at 1.83 eV corresponding to the S1 → S0 transition.61 Therefore the 
electro-luminescence spectrum of the C60-pentacene cell is attributed to S1 → S0 emission. 
We think that the S1 pentacene state could originate from triplet-triplet annihilation. Triplet-
triplet annihilation was shown before not only in pentacene dimers and in bifunctional 
rubrene-C60 devices,62,63 but also in pentacene films and single crystals.59 
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Figure 6.8. a) Electroluminescence spectra for an inverted C60-pentacene solar cell at different applied bias voltage. 
b) Current density (blue) and corrected integrated electroluminescence (red) vs. bias voltage for this cell. 
c) Corrected integrated electroluminescence as a function of the current density. 

To gain possible support for this assignment, the electroluminescence signal was measured 
as a function of applied bias (Figure 6.8b). The corrected integrated electroluminescence 
intensity and current as function of applied bias are shown in Figure 6.8b. In forward bias 
below ca. 0.5 V, the current is diffusion-dominated and shows an exponential dependence 

a) b) 

c) 
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on voltage. At ca. 0.5 V there is a transition to the drift-dominated, space-charge-limited 
regime, characterized by a quadratic dependence of the current on the voltage. The onset 
of the pentacene S1 → S0 electroluminescence signal is at ca. 0.6 V, i.e. well below the S1 
energy level. 

Following the recent work of Engmann et al.,64 the electroluminescence intensity was also 
analyzed as a function of the current density, as shown in Figure 6.8c. The EL intensity here 
is proportional to J2.8. Engmann et al. demonstrate in their paper that in case of simple band-
to-band recombination an exponent of 1 (i.e. EL ~ J) would be expected. Engmann et al. 
argue that when generation of singlets from free charge carriers is neglected and only triplets 
are formed in the charge recombination, is possible to have the EL ~ J2, provided that the 
triplet density is small and the EL is from singlets generated via TTA. The exponent of 2.8 
found in our study on C60/pentacene is certainly not consistent with a simple band-to-band 
recombination. It also gives no compelling evidence of TTA, for which the exponent should 
be 2. 

6.6 Conclusions 
Using five fullerene derivatives we investigated the effect of the LUMO energy (ELUMO) on 
the performance and energetics of fullerene-pentacene bilayer solar cells. The solar cells 
showed an increase in Voc and decrease in EQE for less negative ELUMO. As expected, the 
charge-transfer state energy (ECT) determined from the EQE measurements shows a clear 
increase with less negative ELUMO of the fullerene acceptor. Both ECT and qVoc increase 
linearly with increasing ELUMO and the difference is fairly constant at 0.64 ± 0.03 eV. Except 
for the KLOC-6/pentacene combination, the ECT is higher by at least 0.1 eV than the 
pentacene triplet state at 0.86 eV. This exhibits that charge generation via singlet fission is 
endergonic. The decrease in EQE with increasing ECT has been rationalized in a semi-
quantitative way with a Marcus model for electron transfer, which reproduces the trend in 
the experimental observations fairly well. It also provides a rationale for the 
KLOC-6/pentacene cell, where the low EQE results in part from a large reorganization 
energy. Although these results are consistent with singlet fission as a mechanism for charge 
generation, we note that for [60]PCBM and [60]IPB the EQE for the S0 → S1 absorption of 
pentacene at 670 nm exceeds 10%, despite the fact that the charge transfer from the T1 
state is endergonic by more than 10 times the thermal energy (qkT = 26 meV). This suggests 
that for pentacene-fullerene solar cells, not all current must be generated via the pentacene 
triplet state and might have a singlet state origin, either before singlet fission occurs or via 
triplet-triplet annihilation.59 

Our study clearly confirms that even when the CT state in pentacene-fullerene solar cells 
is above the pentacene triplet state at 0.86 eV, charge generation can be quite efficient. Our 
study also demonstrates that the energy difference between ECT and qVoc of 0.64 ± 0.03 eV 
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in these cells is not different than expected for an organic donor-acceptor solar cell. The 
combination of the two results may have intriguing consequences. It suggests that in normal 
organic donor-acceptor solar cells also, ECT may exceed E(S1) without compromising the 
EQE. In such cases, higher power conversion efficiencies are possible than hitherto have 
been considered. 

6.7 Experimental section 
All chemicals were obtained from commercial suppliers and used without any further purification. 

6.7.1 Square-wave voltammetry 
Square-wave voltammetry (SWV) measurements were performed inside a nitrogen-filled glove box 
using an Autolab PGSTAT30 potentiostat (Ecochemie, The Netherlands), in a three-electrode 
configuration. For thin film SWV, a fullerene-coated Pt wire electrode, Ag bar, and Ag/AgCl electrode 
served as working electrode, counter electrode, and quasi-reference electrode, respectively. The 
fullerene was deposited on the Pt wire via dip coating in a ca. 4 mg/mL solution in ortho-
dichlorobenzene. A 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBA PF6) in 
acetonitrile was used as the electrolyte. For SWV in solution, a Pt disk, Ag bar, and Ag/AgCl electrode 
served as working electrode, counter electrode, and quasi-reference electrode, respectively. A 0.1 M 
solution of TBA PF6 in ortho-dichlorobenzene was used as the electrolyte. About 100 µL of a ca. 
4 mg/mL fullerene solution in ortho-dichlorobenzene was added to 3 mL of the electrolyte solution. 
All potentials are reported versus the ferrocene/ferrocenium redox couple (Fc/Fc+), which was used 
as internal reference. 

6.7.2 Solar cell fabrication 
To fabricate regular-configuration pentacene-fullerene solar cells, patterned ITO substrates (Naranjo 
Substrates) were cleaned by ultrasonication in acetone, followed by rubbing with an aqueous solution 
of sodium dodecylsulfate, ultrasonication in this aqueous solution of sodium dodecylsulfate, rinsing 
with demineralized water, and ultrasonication in 2-propanol. Just before spin coating, a 30 minute UV-
ozone treatment was applied. PEDOT:PSS (CLEVIOSTM P VP Al 4083, Heraeus) was filtered using a 
0.45 µm PVDF filter and spin coated at 4000 rpm for 60 s in air and subsequently annealed in a 
nitrogen-filled glove box for 20 min at 135 °C. Poly(3-hexylthiophene) (P3HT) (Sigma-Aldrich) was 
dissolved in chlorobenzene to yield a 4 mg/mL solution by stirring at 60 °C for 20 min. Layers of P3HT 
were applied by spin coating at 2000 rpm for 60 s, followed by an annealing step at 110 °C for 20 min. 
Pentacene (20 nm, or 40 nm in combination with C60), C60 (35 nm), bathocuproine (BCP) (15 nm), 
and Ag (100 nm) were thermally evaporated at a pressure below 7 × 10–7 Torr. Fullerene derivatives 
other than C60 were spin coated from a warm (40 °C) 6 mg/mL solution in chloroform, inside the 
glove box, at 1500 rpm for 60 s, after stirring for at least 30 min at 40 °C. 

For the inverted fullerene-pentacene solar cells, patterned ITO substrates were cleaned by 
ultrasonication as described above. An aqueous ethoxylated polyethyleneimine (PEIE) solution was 
diluted with 2-propanol to yield a 2.25 mg/mL PEIE solution. This solution was spin coated in air at 
5000 rpm for 60 s and subsequently annealed for 10 min at 150 °C. Alternatively, ZnO made by a sol 
gel route was used. The sol gel consisted of a solution 0.5 M Zn(CH3COO)2·2H2O (98 %, Acros 
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Organics) and 0.5 M ethanolamine in 2-methoxyethanol. Sol gel ZnO was cast directly on clean ITO 
substrates by spin-coating in ambient air via spin coating at 5000 rpm for 60 s and annealed at 150 °C 
for 5 min on a hotplate. Inside a nitrogen-filled glove box, KLOC-6, [60]PCBM, [60]IPB, and ICBA 
were dissolved in chloroform by stirring the 6 mg/mL for at least 1 h at 40 °C. The layers were spin 
coated at 1000 rpm for 60 s, inside the glove box, to yield a layer of ca. 37 nm. C60 (37 nm) and 
pentacene (50 nm) were thermally evaporated at a pressure below 3 × 10–7 Torr. As top contact, 
MoO3 (10 nm) and Ag (100 nm) were thermally evaporated at a pressure below 6 × 10–7 Torr. 

Layer thicknesses were determined using a Brüker DektakXT stylus profilometer. Atomic force 
microscopy (AFM) measurements were performed on a Veeco Dimension 3100 microscope in tapping 
mode with 1 Hz scan rate and ppp-NCHR-50 tips (Nanosensors). 

6.7.3 Solar cell characterization 
The current-density – voltage (J–V) characteristics of the solar cells were determined by a current-
voltage sweep using a Keithley 2636 source-measurement unit. White light illumination (100 mW/cm2) 
was provided using a tungsten halogen lamp, with Hoya LB120 daylight and Schott GG385 UV filters 
between lamp and sample. EQE measurements were performed using a 50 W Philips Focusline 
tungsten-halogen lamp, which was modulated using a mechanical chopper, and was passed through an 
Oriel Cornerstone 130 monochromator. The cell was placed in a nitrogen-filled box and its response 
was recorded as the voltage from a Stanford Research Systems SR570 preamplifier using a SR830 lock-
in amplifier. Light bias was applied using a Thorlabs 530 nm LED at 1 sun intensity, or as close to the 
1 sun intensity as possible. As a reference, a calibrated Si cell was used. The current density reported 
was obtained from integrating the EQE spectrum under 530 nm light bias with the AM1.5G solar 
spectrum. 

Sensitive EQE measurements in the sub-band gap region were performed using an Osram 64655 HLX 
250 W halogen lamp, of which the light was chopped using an Oriel 3502 optical chopper. The light 
was subsequently passed through a Cornerstone 260 monochromator and appropriate sorting filters. 
The cell was placed in a nitrogen-filled box and its response was recorded as the voltage from a 
Stanford Research Systems SR570 preamplifier using a SR830 lock-in amplifier. No extra bias light was 
applied in the sub-band gap EQE measurements. As reference, calibrated Si and InGaAs cells were 
used. 

Electroluminescence measurements were performed using an Edinburgh Instruments FLSP920 double-
monochromator luminescence spectrometer with a multialkali photomultiplier tube. The sample was 
kept in a nitrogen environment during the electroluminescence measurements. A voltage bias was 
applied using an Agilent 4155C semiconductor parameter analyzer, which also recorded the current. 

6.7.4 Optical-electrical modeling 
Optical simulations using the transfer matrix formalism were performed using Setfos 4 (Fluxim AG) 
software. In the modelling we used the wavelength dependent refractive index and extinction 
coefficients of each layer in the stack.  
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6.8 Appendix 
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Figure 6.9. Sub-band gap EQE spectrum (solid lines) of inverted fullerene-pentacene solar cells and a regular 
configuration pentacene-C60 cell, and fits of eq. (6.6) (dotted lines). The inset shows the fit parameters. 
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Summary 
Relating energy levels of organic 

semiconductors to solar cell 
performance 

For over a century, mankind has been mostly dependent on fossil fuels for energy 
production. Due to the combustion of fossil fuels, the earth temperature is increasing. To 
prevent future climate-related problems, alternative sources of energy are needed. One 
promising alternative to fossil fuels is solar power. The principle of converting sunlight into 
electricity has been known for more than a century. Presently silicon solar panels dominate 
the solar cell market, but organic photovoltaics have gained much attention over the last 
few years, mainly because of their form-freedom, semi-transparency, and ease of 
production. The power conversion efficiency of organic solar cells has recently surpassed 
15%, but is still moderate compared to silicon solar cells that have record efficiencies over 
26%. The maximum efficiency of organic solar cells is dictated by the energies of the frontier 
orbitals and the optical band gaps of the organic semiconductors, either polymers or small 
molecules, that comprise the active layer. This thesis aims to investigate the relationship 
between these energy levels and the performance of organic solar cells.  

Chapter 1 introduces the working principle and device layout of organic solar cells, and 
describes some of the highest performing polymers. Furthermore, methods for determining 
molecular orbital energies, band gaps, charge-transfer state energies, and trap state energies 
are discussed. 

In Chapter 2, the energy of the highest occupied molecular orbital (HOMO) of 19 
diketopyrrolopyrrole (DPP) polymers has been determined using square-wave voltammetry 
(SWV), ultraviolet photoelectron spectroscopy (UPS), and density functional theory (DFT). 
These energies have been compared to the open-circuit voltage (Voc) of solar cells fabricated 
using the polymers as a donor with a fullerene derivative as an acceptor. The oxidation 
potential from the SWV experiments has both a good and linear correlation with the Voc, 
but surprisingly with a slope (0.75 V/V) below unity. Compared to SWV, the HOMO 
energies obtained from UPS and DFT show a poorer correlation with Voc. In UPS, the slope 
of the ionization potential with Voc, of 0.62 V/eV, was also substantially less than unity, while 
for DFT the slope, 0.90 V/eV, was higher. The origin of a slope less than one has been 
discussed and likely correlates with the formation of a dipole at the donor-acceptor 
interface whose magnitude depends on the HOMO energy. The electrochemical band gap 
of the polymers taken as the energy difference between SWV oxidation and reduction 
potentials correlates linearly with the optical band gap, with slope one. The average exciton 
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binding energy defined by the difference between the electrochemical and optical gaps is 
0.44 ± 0.10 eV for the 19 DPP polymers. For the DPP polymers with a strong donor-
acceptor character the exciton binding energy was strongly reduced (down to 0.16 eV), 
ascribed to a more localized character of the wave functions in the excited state. 

Chapter 3 elaborates on frequently applied techniques to determine the charge-transfer 
(CT) state energy in organic donor-acceptor blends. The main emphasis in this chapter is 
on sensitive external quantum efficiency (EQE) measurements in the spectral region below 
the optical band gap. After careful optimization of the experimental setup and a study of 
relevant measurement parameters, a protocol for sub-band gap EQE measurements was 
developed. For the most efficient organic solar cells, the CT state energy (ECT) will be close 
to the optical band gap (Eg) and this complicates measuring the weak CT band in the 
presence of the intense direct polymer absorption using the EQE. A previously used 
procedure in which the EQE is measured for blends of the polymer with two fullerene 
derivatives with different reduction potentials has been refined. The ∆EQE obtained by 
subtraction of the two normalized EQEs can then be used to fit an expression based on 
non-adiabatic Marcus theory to obtain estimates of the CT and reorganization energies. The 
experiments for different polymers show that the ∆EQE method can be useful when 
ECT < Eg – 0.15 eV, but that it does not offer advantages when ECT approaches Eg closer. 

A method to determine the exciton binding energy from EQE measurements (Eb,EQE) is 
presented in Chapter 4. In these EQEs, typically, two onsets can be distinguished: a low-
energy onset around the optical band gap (Eg), and a secondary onset at higher energies, 
which is thought to be related to the transport gap (Eg,trans). The spectral shape of the EQE 
can be influenced by the device architecture. Due to a low electron mobility, the depth at 
which extractable charges are generated in the active layer is different for regular and 
inverted devices. Hence, optical filtering results in an antibatic EQE when only charges 
generated near the back electrode are collected. In such case, switching the polarity of the 
device can circumvent the filtering and restore the symbatic EQE.  

For P3HT (poly(3-hexylthiophene)) and PCE10 (poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo-
[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})) 
diodes the onsets of charge generation in the EQE did correspond to previously reported 
values, but the transport gaps were found at higher energies. There is substantial ambiguity 
and hence a large uncertainty in determining the transport gap, mainly because the 
secondary onset is not very well defined in the spectra. This also implies a significant 
uncertainty in Eb,EQE of ±0.15 eV. For four DPP polymers, after careful device optimization, 
Eb,EQE was found to be ca. 0.50 eV in all cases. This is larger than the exciton binding energies 
reported in Chapter 2 for the same polymers (between 0.16 and 0.50 eV). The absolute 
value of EQE of polymer-only diodes is generally very low, which makes that extrinsic 
factors influencing the spectra are difficult to exclude. 
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Polymer-only diodes are also used in Chapter 5 to gain more insight into the trap states 
present in conjugated polymers that find widespread use in transistors and solar cells. These 
trap states typically limit the device performance. Trap state related transitions occurring 
below the optical band gap are clearly visible in EQE measurements on polymer diodes and 
in photothermal deflection spectroscopy (PDS) measurements on thin polymer films, but 
their detailed origin is unknown. Oxidative doping of the polymer resulted in more intense 
sub-band gap EQE signals at the same energies where the pristine polymer showed the trap 
state signals. However, the characteristic sub-band gap polaron transitions that were 
observed in the PDS absorption measurements, were not reproduced in the sub-band gap 
EQEs. Hence, we suggest that the trap states are related to oxidation of the polymers, but 
that the EQE signals do not correspond to polaron transitions. On an absolute scale, most 
trap state related signals in the EQE correspond to a transition to a common level at an 
energy of –3.5 eV vs. vacuum, but with a rather broad distribution of ±0.21 eV. A possible 
explanation for the observed sub-band gap EQE bands is the excitation of an electron from 
a neat polymer chain into a common trap level or to the lowest unoccupied level of an 
oxidized chain.  

Singlet fission is a process in which two triplet states are generated from one absorbed 
photon and an EQE over 100% could be reached. A typical material used in singlet fission 
studies is pentacene. Pentacene can be combined with a fullerene in a donor-acceptor 
bilayer solar cell. The energy difference between the (triplet) excited state and the open-
circuit voltage in pentacene-fullerene solar cells is only 0.5 eV and much lower than in most 
organic solar cells. To investigate the energetics of this process, in Chapter 6, pentacene 
is combined with five different fullerene derivatives for which the energy of the lowest 
unoccupied molecular orbital (ELUMO) has been determined. The pentacene-fullerene bilayer 
solar cells show an increase in Voc and concomitant decrease in EQE, when ELUMO becomes 
less negative. Surprisingly the ECT of pentacene-fullerene was found to be higher than the 
pentacene triplet energy level for all but one fullerenes. Hence, charge generation in these 
solar cells is endergonic. The rates for electron transfer calculated using an elementary 
Marcus model correlate with the magnitudes of the EQEs. 

In summary, this thesis has contributed to our knowledge of determining energy levels of 
organic semiconductors and relating these energy levels to solar cell performance. HOMO 
energy levels measured via electrochemical experiments allow to accurately predict the 
open-circuit voltage of polymer:fullerene solar cells. Remarkably the proportionality 
constant between open-circuit voltage and the HOMO energy is less than unity. This has 
been rationalized in terms of a dipole at the donor-acceptor interface. Unraveling the scope 
and limitations of the proposed mechanism, however, requires further study. The energetics 
at the donor-acceptor interface are also represented by the charge-transfer state energy, 
which is known to correlate with the open-circuit voltage and can be extracted from sub-
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band gap EQE measurements. For materials, where the charge-transfer state energy 
approaches the optical band gap, it can be more accurately extracted by comparing EQEs 
for different materials. This thesis also compared and evaluated the merits of two methods 
used for determining the exciton binding energy, specifically from the difference between 
the electrochemical and optical band gap, or from comparing primary and secondary onsets 
in the EQE of neat polymer diodes. The latter method is shown to be more ambiguous, 
mainly because of the ill-defined secondary onset. Using excitation energies below the 
optical band gap, trap states of neat conjugated polymers have been identified via optical 
and photocurrent detection. The sub-band gap transitions that contribute to the 
photocurrent presumably have a charge-transfer state character, but to confirm this and to 
gain a more fundamental understanding of these states, more research is necessary. Because 
recombination via traps states limits the open-circuit voltage, knowledge of the origin of 
these trap and charge-transfer states can possibly be used to optimize and increase solar 
cell performance in the future. A hint that future organic solar cells may achieve higher 
power conversion efficiencies comes from the result that in singlet-fission pentacene-
fullerene solar cells formation of the charge-transfer state from a triplet exciton is 
endergonic. If such effect can also be realized for singlet excitons, the efficiency of organic 
solar cells would possibly increase beyond currently accepted limitations. 
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Samenvatting 
Energieniveaus van organische 

halfgeleiders relateren aan 
zonnecelrendement 

De mensheid is al meer dan een eeuw afhankelijk van fossiele brandstoffen voor 
energieproductie. De verbranding van fossiele brandstoffen zorgt echter voor een stijging 
van de temperatuur op aarde en versterkt de klimaatverandering. Om toekomstige 
klimaatproblemen te voorkomen zijn alternatieve energiebronnen nodig. Een veelbelovend 
alternatief is het opwekken van energie uit zonlicht. Het principe van de omzetting van 
zonlicht in elektriciteit is al bekend sinds het einde van de negentiende eeuw. Op dit moment 
domineren de siliciumzonnecellen, met een gerapporteerd maximaal rendement van 26%, 
de zonnecelmarkt. In de afgelopen jaren is veel onderzoek verricht naar zonnecellen 
gebaseerd op organische halfgeleiders. Deze organische zonnecellen hebben inmiddels een 
recordefficiëntie van 15% en kunnen eenvoudig op grote schaal en op flexibele substraten 
gemaakt worden. Het maximale rendement van organische zonnecellen wordt onder andere 
bepaald door de energieën van de hoogst bezette en laagst onbezette moleculaire orbitalen 
(HOMO en LUMO) en de optische bandafstand van de organische halfgeleiders in de actieve 
laag. Het doel van dit proefschrift is om het verband tussen deze energieniveaus en het 
zonnecelrendement voor organische zonnecellen te onderzoeken. 

In hoofdstuk 1 wordt het werkingsprincipe en de opbouw van organische zonnecellen 
beschreven en worden voorbeelden gegeven van halfgeleidende polymeren met hoge 
efficiëntie. Daarnaast worden methodes om de energieën van moleculaire orbitalen, 
ladingsoverdrachtstoestanden en ladingsvallen te bepalen besproken. 

Hoofdstuk 2 beschrijft een studie naar het bepalen van de HOMO-energie van negentien 
polymeren met een diketopyrrolopyrroolgroep (DPP) als bouwsteen met zowel vierkante-
golf voltammetrie (SWV), ultraviolet foto-elektronspectroscopie (UPS) en 
dichtheidsfunctionaaltheorieberekeningen (DFT). Deze energieën worden vergeleken met 
de openklemspanning (Voc) van zonnecellen gemaakt met deze polymeren als donor in 
combinatie met een fullereenderivaat als acceptor. De oxidatiepotentiaal van de SWV-
metingen correleert met grote betrouwbaarheid en lineair met de Voc, maar de 
proportionaliteitsconstante van 0.75 V/V is verrassend lager dan één. In vergelijking met 
SWV geven de HOMO-energieën verkregen met UPS en DFT een minder goede correlatie 
met de Voc. De helling van de relatie tussen de ionisatiepotentiaal uit UPS-metingen en de 
Voc, 0.62 V/eV, is echter ook substantieel lager dan één, evenals voor de relatie tussen de 
HOMO-energieën berekend met DFT en Voc, waar de helling 0.90 V/eV is. Er zijn meerdere 
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verklaringen mogelijk waarom deze helling lager is dan één. De meest waarschijnlijke reden 
is een dipool aan het grensvlak tussen donor en acceptor, waarbij de grootte van deze dipool 
afhangt van de HOMO-energie. De elektrochemische bandafstand van de polymeren, 
bepaald uit het verschil tussen de oxidatie- en reductiepotentialen uit SWV-metingen, 
correleert met helling één met de optische bandafstand. De gemiddelde 
excitonbindingsenergie, gedefinieerd als het verschil tussen de elektrochemische- en 
optische bandafstanden, is 0.44 ± 0.10 eV voor deze negentien polymeren. In de polymeren 
met een sterk donor-acceptorkarakter is de excitonbindingsenergie sterk gereduceerd, tot 
wel Eb = 0.16 eV. Deze afname is toegeschreven aan het meer gelokaliseerde karakter van 
de golffunctie in de aangeslagen toestand. 

Technieken om de ladingsoverdrachtstoestandsenergie (ECT) in mengsels van organische 
donor- en acceptormoleculen te bepalen worden besproken in hoofdstuk 3. De nadruk in 
dit hoofdstuk ligt op gevoelige metingen van de externe kwantumefficiëntie (EQE) in het 
spectrale gebied beneden de optische bandafstand (Eg). Voor deze metingen is een 
experimentele opstelling geoptimaliseerd en zijn relevante meetparameters bestudeerd, 
resulterend in een protocol voor EQE-metingen beneden de bandafstand. Voor de meest 
efficiënte organische zonnecellen zal ECT dicht bij Eg liggen. Het meten van de zwakke 
ladingsoverdrachtsband in de aanwezigheid van de intense directe absorptie van het 
polymeer bemoeilijkt in deze EQE-metingen. Een eerder gebruikte procedure, waarbij de 
EQE voor mengsels van het polymeer met twee fullereenderivaten met verschillende 
reductiepotentialen wordt gemeten, is verbeterd. De ∆EQE die verkregen wordt door de 
twee genormaliseerde EQEs van elkaar af te trekken kan vervolgens gebruikt worden om 
een vergelijking afgeleid van niet-adiabatische Marcustheorie te fitten. Op deze manier 
kunnen de energie van de ladingsoverdrachtstoestand en de reorganisatie-energie bepaald 
worden. De experimenten voor verschillende polymeren laten zien dat deze ∆EQE-
methode nuttig is indien ECT < Eg – 0.15 eV. Als ECT Eg verder nadert, zijn er echter geen 
voordelen meer verbonden aan het gebruik van deze methode. 

Hoofdstuk 4 presenteert een methode om de excitonbindingsenergie (Eb,EQE) te bepalen 
uit EQE-metingen aan polymeerdiodes. In de EQEs kunnen twee verschillende beginpunten 
bepaald worden: een eerste beginpunt bij een lage energie ongeveer gelijk aan de optische 
bandafstand (Eg,EQE) en een tweede beginpunt bij hogere energieën. Dit laatste beginpunt 
wordt vaak gerelateerd aan de transport-bandafstand van het materiaal (Eg,trans). Een 
probleem bij het bepalen van de beginpunten is dat de spectrale vorm van de EQE beïnvloed 
kan worden voor de polariteit van de diode. Door een lage effectieve elektronenmobiliteit 
kunnen elektronen alleen effectief geëxtraheerd worden als ze dicht bij een elektrode 
gegenereerd worden. Als die elektrode aan de achterzijde ligt, resulteren optische 
filtereffecten in een antibatische EQE. In dergelijke gevallen kan het omkeren van de 
polariteit van de diode het filtereffect voorkomen en de symbatische EQE herstellen. 
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Voor diodes gemaakt met P3HT (poly(3-hexylthiofeen)) en PCE10 (poly([2,6′-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiofeen]{3-fluor-2[(2-ethylhexyl)carbonyl]thieno[3, 
4-b]thiofeendiyl})) kwam het beginpunt voor ladingsgeneratie in de EQE overeen met eerder 
gerapporteerde waarden terwijl Eg,trans groter is dan eerder gerapporteerd. Er is een 
substantiële onzekerheid in het bepalen van de transport-bandafstand aangezien het tweede 
beginpunt niet duidelijk gedefinieerd is in de spectra, resulterend in een grote onzekerheid 
in Eb,EQE van ca. 0.15 eV. Voor vier DPP-polymeren werd een Eb,EQE van ±0.50 eV gevonden 
na zorgvuldige optimalisatie van de diodes. Deze waarde is groter dan de waarden voor de 
excitonbindingsenergie gerapporteerd in hoofdstuk 2, variërend van 0.16 tot 0.50 eV. De 
absolute EQE van deze polymeerdiodes is in het algemeen erg laag, wat extrinsieke factoren 
die de EQE-spectra beïnvloeden niet uitsluit. 

Polymeerdiodes zijn ook gebruikt in hoofdstuk 5 om meer inzicht te krijgen in de 
ladingsvallen die aanwezig zijn in geconjugeerde polymeren. Deze polymeren worden 
gebruikt in transistoren en zonnecellen en ladingsvallen limiteren vaak de werking daarvan. 
Signalen gerelateerd aan ladingsvallen die beneden de optische bandafstand voorkomen zijn 
duidelijk zichtbaar in EQE-metingen aan polymeerdiodes en in metingen aan dunne 
polymeerfilms met behulp van fotothermische deflectiespectroscopie (PDS). De exacte 
oorsprong van deze signalen en de aard van ladingsvallen zijn echter onbekend. Oxidatieve 
doping van het polymeer gaf signalen met hogere intensiteit in EQE-metingen beneden de 
bandafstand, op dezelfde posities waar het oorspronkelijke polymeer een overgang van de 
ladingsval toonde. De karakteristieke polaronovergangen beneden de bandafstand die wel 
te zien waren in PDS-metingen, resulteerden niet in een signaal in EQE-metingen. Daarom 
is het waarschijnlijk dat de ladingsvallen wel gerelateerd zijn aan oxidatie van de polymeren 
maar niet aan polaronovergangen. Een mogelijke verklaring voor de waargenomen banden 
in EQE-metingen beneden de bandafstand is de excitatie van een elektron van de 
oorspronkelijke polymeerketen naar een gemeenschappelijk niveau van ladingsvallen of naar 
de LUMO van een geoxideerde keten. Op een absolute energieschaal corresponderen de 
signalen in de EQE, gerelateerd aan de ladingsvallen, met een overgang naar een 
gemeenschappelijk energieniveau voor de ladingsvallen op 3.5 eV beneden vacuüm, maar 
met een redelijk brede distributie van ca. 0.21 eV. 

Singletsplitsing is een proces waarbij twee triplettoestanden gegenereerd worden uit één 
geabsorbeerd foton. Als de triplettoestanden ladingen kunnen genereren kan de EQE boven 
100% komen. Een veelgebruikt materiaal in studies naar singletsplitsing is pentaceen, dat 
gecombineerd kan worden met een fullereenderivaat in een donor-acceptor bilaagzonnecel. 
Het energieverschil tussen de (triplet) aangeslagen toestand en de openklemspanning in 
zonnecellen is slechts 0.5 eV, veel lager dan in andere typen organische zonnecellen. Om de 
energetica van dit proces te bestuderen is in hoofdstuk 6 pentaceen gecombineerd met 
vijf fullereenderivaten waarvoor de LUMO-energie (ELUMO) is bepaald. De pentaceen-
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fullereen zonnecellen laten een toename in Voc zien en tegelijkertijd een afname in EQE 
wanneer ELUMO minder negatief wordt. Verrassend genoeg bleek ECT voor vier van de vijf 
fullereenderivaten boven de tripletenergie van pentaceen te liggen, wat ladingsgeneratie in 
deze zonnecellen endergonisch maakt. De snelheden voor ladingsoverdracht, berekend met 
een elementair Marcusmodel, zijn gerelateerd aan de grootte van de EQEs. 

Het onderzoek beschreven in dit proefschrift heeft bijgedragen aan onze kennis van het 
bepalen van de positie van de energieniveaus van organische halfgeleiders en het relateren 
van deze energieniveaus aan de werking van organische zonnecellen. HOMO-energieën 
bepaald via elektrochemische experimenten maken een nauwkeurige voorspelling van de 
openklemspanning van polymeer:fullereen zonnecellen mogelijk. De evenredigheids-
constante tussen de openklemspanning en HOMO-energie is minder dan éen. Dit 
verassende resultaat is gerationaliseerd in termen van een dipool aan het donor-
acceptorgrensvlak. In hoeverre dit model breed toepasbaar is en wat de limiteringen van dit 
model zijn, zal echter verder onderzocht moeten worden. De energetica aan het donor-
acceptorgrensvlak wordt ook beschreven door de ladingsoverdrachtstoestandsenergie, die 
uit gevoelige EQE-metingen bepaald kan worden en waarvan bekend is dat deze 
gecorreleerd is aan de openklemspanning. Voor materialen waarvan de 
ladingsoverdrachtstoestandsenergie dicht bij de optische bandafstand ligt, kan deze energie 
nauwkeuriger bepaald worden door EQEs van verschillende materialen te vergelijken. In dit 
proefschrift zijn ook twee methoden om de excitonbindingsenergie te bepalen vergeleken 
en zijn de voordelen voor beide technieken besproken. Deze methoden zijn het bepalen 
van het verschil tussen de elektrochemische- en optische bandafstand enerzijds en het 
vergelijken van de eerste en tweede aanvang van ladingsgeneratie in EQE anderzijds. Van 
deze laatste methode is echter getoond dat deze methode een meer ambigu karakter heeft, 
voornamelijk vanwege de slecht gedefinieerde tweede aanvang. Door excitatie beneden de 
optische bandafstand zijn ladingsvallen in geconjugeerde polymeren aangetoond via optische 
en fotostroomdetectie. De overgangen, beneden de bandafstand, die bijdragen aan de 
fotostroom hebben vermoedelijk het kenmerk van een ladingsoverdrachtstoestand, maar 
om dit te bevestigen en een meer fundamenteel begrip hieromtrent te krijgen is meer 
onderzoek nodig. Omdat recombinatie via ladingsvallen de openklemspanning beperkt, kan 
kennis over de oorsprong van deze ladingsvallen en ladingsoverdrachtstoestanden mogelijk 
gebruikt worden om zonnecellen te optimaliseren en in de toekomst mogelijk de efficiëntie 
te verhogen. Een zinspeling dat organische zonnecellen in de toekomst mogelijk een nog 
hoger rendement kunnen behalen komt van het feit dat in pentaceen-fullereen 
singletsplitsingzonnecellen de vorming van een ladingsoverdrachtstoestand vanuit een 
tripletexcitatie endergonisch is. Als dit effect ook gerealiseerd kan worden voor 
singletexcitaties kan de efficiëntie van organische zonnecellen mogelijk boven de limieten 
die nu aangehouden worden komen te liggen. 
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