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Abstract

Emerging applications for light sensing, including wearable electronics, internet of
things and autonomous driving, are pushing conventional semiconductors technologies
to their limits when it comes to ease of fabrication, power consumption and device
design. Organic semiconductors are considered next-generation absorber materials for
photodetection in the visible and near infrared part of the electromagnetic spectrum,
which hold some promise of addressing the aforementioned problems of conventional
materials. So far, only a handful of companies are putting organic semiconductors to
the test for commercial photodetectors, however, research on organic photodetectors is
thriving – in particular on photodetectors with a diode architecture called photodiodes.
The goal is to make flexible, light-weight devices with improved performance metrics
and high stability to realize viable alternatives to conventional photodiodes. The
performance limits of organic photodiodes are often associated with the presence of
electronic states with energies below the bandgap edge – the so-called sub-gap states. A
powerful tool to study the properties of sub-gap states is to measure the external
quantum efficiency (EQE), however, the subsequent analysis is complicated by the
presence of static disorder and optical interference. In the first part of this work, it is
shown how the true absorption coefficient can be extracted from a series of interference
affected sub-gap EQE spectra of organic photodiodes with different thicknesses. In
consequence, the effect of chemical structure modification on the absorption coefficient
in the spectral range of charge transfer absorption is demonstrated. By adjusting the
molecular energy levels through target chemical substitutions, a redshift and an
increase of the oscillator strength are achieved. The increased spectral coverage in the
near infrared is then exploited in micro-cavity photodiodes. The second part of this
work deals with the sub-gap absorption coefficient of donor and acceptor materials and
how it is affected by the molecular energy level offset. For materials with low energetic
offset, it is shown that the sub-gap absorption coefficient follows the Urbach rule in the
spectral range of excitonic absorption, dictating the broadening of the sub-gap
absorption coefficient at energies right below the bandgap. Lastly, the origin of the high
dark current in organic photodiodes is identified as non-radiative recombination via
mid-gap trap states. An upper limit to the specific detectivity is calculated that is
expected viable in organic photodiodes. The findings of this thesis contribute to the
understanding of the sub-gap states by studying their absorption features and
distinguishing them from the ubiquitous optical interference effects. The spectroscopic
observation of mid-gap trap states is linked to the dark current generation dictating the
upper performance limits of organic photodiodes.
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Chapter 1

Introduction

Technologies enabling light detection became indispensable for the majority of the
world population in the 21st century. This includes the fibre optical photodetectors for
telecommunication, solar cells for power generation, x-ray detection for medical
diagnostics and image sensors for the ubiquitous smartphones. Moreover, new
applications for photodetectors are constantly emerging, such as light sensors for the
internet of things1 and wearable electronics2,3. This is reflected in different market
forecasts: For example, according to the Photodiode Sensor Market Research Report,
the photodiode market revenue was 492 Million USD in 2020, and is expected to reach
766 Million USD by 2026.4 Photodetectors convert an optical signal into an electrical
signal based on different working principles including photoemission, photoconduction
and thermal detection. In light of the fast progress made on silicon chip manufacturing
in the last decades, the silicon photodiode has become the most frequently used type of
photodetector in the wavelength range between 200 nm and 1100 nm, with the latter
wavelength marking the optical bandgap of silicon. As a semiconductor, silicon utilizes
the photoconductive effect, where additional mobile charge carriers are generated
through photoexcitation, thereby changing the conductivity of the material.
Conventional inorganic semiconductors are characterized by high charge-carrier
mobility, small exciton binding energy and high stability. For example, the electron and
hole mobilities in silicon are 1450 cm2{pV sq and 450 cm2{pV sq, respectively.5 Despite
that, there are drawbacks to conventional semiconductors including a complicated and
expensive manufacturing processes, mechanical inflexibility and high driving voltage,
which limit its practical applications in large-area, flexible, low-cost and portable
devices.6,7

Organic semiconductors are organic molecules that are able to absorb light and
emit photons like all organic materials, but are also conductive like conventional
inorganic semiconductors despite lower charge carrier mobilities. The high absorption
coefficient ¡105 cm�1 of organic semiconductors makes them interesting for
photodetection, where the best performances are achieved for much thinner layers than
with conventional devices on the order of microns. Among the most efficient organic
photodetectors are organic photodiodes, where the photoactive layer is a bulk
heterojunction comprising a highly intermixed blend of electron-donating
semiconductor (donor; D) and an electron-accepting semiconductor (accetor; A)
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sandwiched between a top and bottom contacts in a vertically stacked device
architecture. While ultra-high speed operations are not foreseeable with those devices
due to comparably low charge carrier mobilities8 (in disordered organic
semiconductors µ � 10�3... 101 cm2{pV sq), their strengths are complementary to the
conventional semiconductors. This pertains to flexible form factor geometries as well as
extremely low cost and low embodied energy manufacturing from earth abundant
materials. For those reasons, organic semiconductor are highly researched for
applications such as solar cells, spectroscopy and imaging with currently a few pioneer
companies starting the commercial exploitation of those technologies.9,10 The reverse
principle of light emission is already commercially successful in the form of organic light
emitting diodes used for display applications in smartphones and for large area
lighting.11 Of particular interest for next generation photodetectors is the
near-infrared (NIR) in the wavelength range between 750 nm to 1700 nm. The
ubiquitous silicon photodiodes only cover wavelengths below 1100 nm, while
conventional lower bandgap semiconductors such as indium gallium arsenide, mercury
cadmium telluride or lead sulfide contain rare or toxic materials, are costly in
manufacturing and do not allow for flexible and light-weight applications.

Efforts to extend the photoresponse of organic photodiodes further into the NIR,
include the synthesis of low gap materials and the development of novel device
architectures exploiting electro-optical effects, such as charge collection narrowing
(CCN) and optical cavity enhancement to boost the external quantum efficiency in the
sub-gap range. Doing so, the operational spectral window of organic photodiodes was
extended up to 1700 nm, however, with the best specific detectivities (D�) above
1500 nm only reaching modest levels of 1010 Jones.12 The longer wavelength range
remained unattainable despite the implementation of optical and electrical
amplification that can boost the external quantum efficiency (EQE) to as high as
50000 %.13 The main obstacle for achieving higher D� has proven to be the large dark
current ID, or more precisely the electrical shot noise produced by it at typical
operational bias (�0.5 V to �2 V). For photodiodes operating at zero bias voltage, a
similar problem still exists due to the thermal noise which is related to parasitic and
dynamic resistance of the diode. The origin of the high dark current is typically
explained by either non-optimized device layouts or properties of the active layer.
Non-optimized device layouts including pinholes in the active layer and misaligned
energy levels at the semiconductors/metal interface result in shunt current Ishunt and
injection currents, respectively. Regarding intrinsic material properties, the origin of
the high dark current is often associated with sub-gap states such as charge transfer
(CT) states or mid-gap trap states, which are assumed to be recombination centres
mediating the dark current generation. Their absorption features are sometimes
observed in the sub-gap EQE, but in some cases are also heavily convoluted with
resonance modes of the photodiode acting as a low quality optical micro-cavity.

The aim of the work presented in this thesis is to study sub-gap states in organic
semiconductors and how they influence the dark current and D� of organic
photodiodes. Understanding the EQE dependence on the active layer thickness and
energetics of donor and acceptor is crucial to mitigate D� losses arising from higher
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dark current and noise levels. For a broad overview on the topic of organic photodiodes,
Chapter 2 describes the fundamental processes in organic semiconductors such as
absorption and current generation. Moreover, the main performance metrics of
photodetectors are introduced and some sophisticated device architectures developed
for the NIR light detection with organic photodiodes are presented. Chapter 3 explains
the experimental methods used for fabrication and characterization of the photodiodes
described in this thesis. The most important experimental tool used in the framework
of this thesis has proven to be the sub-gap EQE measurement. The experimental
results are shown and analysed in the Chapters 4 to 8. In Chapter 4, the impacts of
optical interference on spectral lineshape of organic semiconductor photodiodes are
demonstrated. For the work described in Chapter 5, a series of narrow-gap NIR
photodiodes was fabricated based on optical micro-cavities. To do so, the molecular
structure of the donor material was manipulated successfully to shift the response
window up to wavelengths of 1665 nm. In Chapter 6, it was shown that in D:A blends,
the exponential decay of the sub-gap EQE follows the Urbach rule with the thermal
energy describing the sub-gap broadening. This results in a lower limit to the sub-gap
broadening for a given temperature, from which the static disorder of the blend can be
extracted and the radiative limit can be calculated. In Chapters 7 and 8, the origin of
the large dark current observed in organic photodiodes is investigated. The first
important conclusion is that optimized photodiodes with narrow-gap D:A blends
present a great platform to study the dark saturation current, as the shunt current is
not dominating the current-voltage (I � V ) characteristics in small reverse bias. For a
large number of narrow-gap D:A blends, it is concluded that non-radiative
recombination lowers D� with respect to the intrinsic upper limit of D� given by
band-to-band recombination of an background limited infrared photodetector by four
orders of magnitude at 2000 nm. This makes it unlikely for organics to compete with
inorganic photodiodes above 2000 nm. Using temperature dependent I � V

measurements, the origin of the large non-radiative dark saturation current was shown
to be charge carrier generation and recombination via mid-gap trap states. Taking into
account the trap dynamics via Shockley-Read-Hall statistics, a new diode equation is
derived, which, in good approximation, can describe the trend observed between the
dark current and the open-circuit voltage. Lastly, in Chapter 9 the key findings
emerging from the research described in this thesis are summarized and the scope for
future studies on organic photodiodes is presented.

3



Chapter 2

Fundamentals and Concepts

2.1 Light Absorption in Organic Thin Films

Optoelectronic devices such as organic photodetectors and solar cells depend on the
fundamental interaction between light and matter. This includes the absorption and
emission of light as a result of exciton generation and recombination in organic
semiconducting thin films, which are at the heart of any organic optoelectronic device.
To understand experimental absorption and emission spectra, and related photocurrent
measurements, optoelectronic processes have to be considered in single molecules and
in the bulk while taking into account the optics of the sample, which is architecture
dependent. This chapter introduces the fundamentals of thin-film optics followed by
a detailed description of absorption phenomena based on the energetic landscape of
single molecules and clusters of molecules. Special emphasis is paid to the absorption
in the sub-gap spectral range, including charge transfer states and the steepness of the
absorption tail.

2.1.1 Optics of Thin Films
The absorption of light is a fundamental physical process, which cannot be quantified
directly from the experiment. In spectroscopy, the measurably quantities are called
reflectance R and transmittance T and are typically obtained experimentally from a
material film on glass as depicted in Figure 2.1. The transmittance T of a sample equals
the ratio of incoming to outgoing light intensity.

T � Iout
Iin

. (2.1)

The light attenuation through the sample comprises different processes including
reflection at interfaces, absorption and scattering at non-uniformities of the medium.
To obtain the absorption coefficient of a material from simple R and T measurements of
a thin-film on glass sample, one needs to consider at least the fraction of reflected light
at the different interfaces in the thin-film stack as shown in Figure 2.1.
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Figure 2.1: Schematic illustration of light propagation through a simple material-on-glass sample for
conventional R and T measurements with the glass side facing the incident light beam.

To good approximation in the visible and the NIR, glass is transparent to the incident
light but causes reflection at the air/glass interface with the intensity IG

R amounting to
a typical reflection loss of 4 %. This is called Fresnel reflection and depends upon the
mismatch of refractive indices at the glass/film interface. The light intensity incident
on the film equals Iin � IG

R � x� IM
R , where IG

R is light reflected at the glass/film and
film/air interface. For strongly absorbing materials, the fraction of light reflected at the
film/air interface can be neglected. The measured R can therefore be expressed as

R � IG
R � x� IM

R
Iin

(2.2)

and the transmittance of the material T M follows as

T M � Iout
Iin � IG

R � x� IM
R
� T � Iin

Iin � IG
R � x� IM

R
� T � Iin

Iin �R� Iin
� T

1�R
. (2.3)

For a uniform film along the path of the light, T M is defined by the Beer-Lambert law as

T M � e�αl, (2.4)

where α is the absorption coefficient of the material film on glass and l is the thickness
of the film. α is typically given in dimensions of cm�1 and can be used to obtain the
absorption cross-section σ via α � σn if the number density of absorbing sites n is
known.An exponential decay of light intensity, as given by theBeer-Lambert law, is also
obtained from the simplest solution of the Maxwell’s equations reading

Epz, tq � E0eipkz�wtq (2.5)

in a dielectric medium. Epz, tq is an electric field oscillating perpendicular to the
propagation direction z with the complex wave vector k. E0 is the maximum wave
amplitude and w is the angular frequency. The light propagation in the dielectric
medium depends on the complex refractive index n, whose real part is the refractive
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index n and imaginary part is the extinction coefficient κ, i.e. n � n� iκ. Using the
dispersion relation k � wn

c , eq. 2.5 can be rewritten as

Epz, tq � E0eipwnz
c �wtq

...

Epz, tq � E0e
�wκz

c eipkz�wtq,

(2.6)

with c being the speed of light in vacuum. The wavelength λ is related to w via λ � 2πc
w

and hence eq. 2.6 can be rewritten as

Epz, tq � E0e
�2πκz

λ eipkz�wtq. (2.7)

Since light intensity is proportional to rEpz, tqs2, the relative loss of transmitted to
incident light intensity is therefore given by the factor e� 4πκz

λ . In analogy to the
Beer-Lambert law from eq. 2.4, this damping factor equals e�αl where α � 4πκ

λ and the
thin-film thickness l is the path length of the light in propagation direction z.

As demonstrated, α can be obtain from simple R and T measurements for an
absorbing film on glass using reasonable approximations. From α, it is possible to
calculate the ratio of absorbed to incident light intensity which is called the
absorptance A. For a free-standing film with minimal reflectance at the film/air
interface, A can be approximated by A � αl. In opto-electronic devices, it is important
to know the quantity of absorbed photons in the absorber layer to evaluate the
conversion efficiency from photons to electrons. Typical opto-electronic devices,
however, comprise a complicated multilayer stack including highly reflective metal
contacts, which modify the optical field distribution within the device strongly making
it impossible to use the simple A � αl approximation to obtain A of the active layer.

It is therefore common practice, to simulate the optical field in the device using
analytical expressions in the so-called transfer matrix formalism. This requires
knowledge of the optical constants n and κ for every layer of the stack, which can be
obtained from R and T measurements or spectroscopic ellipsometry. The transfer
matrix describes the electric field distribution as a superposition of planar waves
resulting from reflection and transmission of an incident light beam at all interfaces and
interlayers. The idea is illustrated in Figure 2.2 for a typical multilayer stack with m

layers, where the light is incident from left to right. In any layer j (0 ¤ j ¤ m) with the
thickness hj , the total electric field Ej at any point comprises a forward travelling
electric field E�

j and a backward travelling electric field E�
j , i.e. Ej � E�

j � E�
j ,

incident at an angle θj . For example, considering an ambient plane wave travelling the
forward direction with the complex amplitude E�

0 incident onto the 0th interface, it
will be partially reflected resulting in a backwards travelling wave with the complex
amplitude E�

0 . In glass, the forward travelling wave E�
1 consists solely of the

transmitted wave if glass is considered an incoherent layer, hence neglecting optical
interference within the layer. The thickness of organic thin film semiconductors,
however, is typically on the order of the wavelength of incident light in the visible and
NIR, and hence interference effects must be taken into account. The relation between
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Figure 2.2: Schematic illustration of the electric fields in a multilayer stack where the light is incident on
the glass being the first layer and metal being the last layer. The total number of layers is m, whereas j is
the running index for all the layers. The electric field in each layer is the sum over a forward and backwards
travelling component, E�

j and E�
j , respectively. E�

1 denotes the transmitted electric field after the first
interface and E�

m�1 is the transmitted electric field after m interfaces.

the complex amplitudes of the electric field at any point in the device with respect to
the incident electric field can be expressed by the following matrix�

E�
0

E�
0



� C1C2...Cm�1

t1t2...tm�1

�
E�

m�1
E�

m�1



, (2.8)

where Cj is the propagation matrix with the matrix elements

Cj �
�

e�ikj�1 rje�ikj�1

rjeikj�1 eikj�1



. (2.9)

Following the dispersion relation as employed in eq. 2.6, the wave vector kj can be
expressed as

kj � 2πhj

λ
njcosθj , (2.10)

where kj describes the complex amplitude of the propagating wave in the layer j

depending on nj , the layer thickness hj and the angle of incidence θ. Note that eq. 2.6
considered normal incidence θ � 0�. The reflection and transmission between the
(j � 1)th and jth layer in eq. 2.8 are given by the Fresnel transmission and reflection
coefficient tj and rj , respectively. For light with the electric field perpendicular (s
polarized) to the plane of incidence, rj and tj can be expressed as

rj � nj�1cosθj�1 � njcosθj

nj�1cosθj�1 � njcosθj
(2.11)

tj � 2nj�1cosθj�1
nj�1cosθj�1 � njcosθj

. (2.12)

Using eq. 2.8, the total electric field Ejpx, λq at a position x can then be calculated in
relation to E�

0 . Since E�
0 is typically known in the experiment for all λ, the absorptance

spectrum Ajpλq of the jth layer can be calculated by summing over all positions within
the layer (0 ¤ x ¤ hj) according to

Ajpλq � αjpλqnjpλq
hj̧

x�0
|Ejpλ, xq|2 . (2.13)
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2.1 Optics of Thin Films

Figure 2.3: a Simulated optical field distribution in a micro-cavity device with the first resonance peaking
at 630 nm in the P3HT:PC71BM active layer. b Absorptance of the active layer as a function of wavelength
and layer thickness showing a red-shift of the resonance peak as the P3HT:PC71BM thickness increases.

Consequently, the optical field distribution and the absorptance in every layer of a thin
film device can be simulated using the transfer matrix method. The principle is
demonstrated in Figure 2.3 for a typical multi-stack architecture used for organic solar
cells comprising a semitransparent silver (Ag) top electrode, a electron-conducting zinc
oxide (ZnO) interlayer, the active layer with a blend of poly(3-hexylthiophen-2,5-diyl)
and [6,6]-phenyl-C71-butyric acid methyl ester (P3HT:PC71BM), the hole-conducting
layer molybdenum oxide (MoOx, x < 3) and a fully reflective bottom Ag electrode.
Figure 2.3a shows a contour plot of the normalized light intensity of the device with the
layer thicknesses as indicated. Given the high reflectance of the Ag top and bottom
electrodes, an optical micro-cavity for the incoming light of the wavelength

λm � 2Ln

m
, (2.14)

is formed, where L is the effective cavity thickness, n is the average refractive index
of the organic layer between the electrodes and m is a natural number denoting the
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resonance order. The resonance is formed as a result of constructive optical interference
of the light trapped between the top and bottom electrode. Several conclusions can be
drawn from the transfer matrix simulations of the optical field shown in Figure 2.3a.
The first order resonance with m � 1 peaks at around 630 nm which is covered by the
main absorption band of P3HT:PC71BM. Consequently, the optical field maximum is
expected to be strongly damped by the absorption of the active layer. Moreover, the
spatial position of the optical field maximum is within the active layer, which ensures
a maximal photo-response. Figure 2.3b shows a surface plot of A of the active layer as
a function of wavelength and active layer thickness. By changing the P3HT:PC71BM
thickness from 60 nm to 120 nm, the resonance peak shifts towards longer wavelengths
as expected from eq. 2.14. Notably,A is always below 0.3, which is due to the reflectance
of incoming light at the top electrode in a semi-transparent cell. In a standard solar cell,
A is generally higher, but parasitic absorption of the transport layers has to be taken into
account.

Thepresentedexample showshowtheoptical fielddistribution canbemodifiedusing
a semi-transparent top electrode. In this example, the resonance is strongly damped
by the high absorption coefficient of P3HT:PC71BM resulting in a rather weak cavity
effect. The cavity effect can be strongly enhanced by (i) using absorber materials with
a lower absorption coefficient at the resonance wavelengths14, (ii) optical spacers to
modify the optical field distribution15 and (iii) by using distributed Bragg reflectors
(DBRs) to decrease parasitic absorption losses at the electrodes16. The aforementioned
methodsarecommonlyemployedto fabricatenarrow-gapphotodetectorswith fullwidth
at half maximum down to 18 nm.16 For photovoltaic applications, where broadband
absorption of the solar spectrum is desired, the top contact should be highly transparent
hereby reducing the cavity effect. However, weak interference patterns superimposed on
Apλq can be modelled using the transfer matrix method and therefore used to increase
the photocurrent response.17 Optimizing the absorptance of the solar cell is especially
important for indoor photovoltaic applications for an arbitrary light spectrum or for
semi-transparent solar cells meant for the integration into the facades of conventional
buildings.

2.1.2 Conjugated Organic Molecules

Organic semiconductors are conjugated organic macromolecules that can be grouped
into small molecules, polymers and fullerenes. The molecular structures of some
well-known candidates from each group are shown in Figure 2.4. Early studies on
organic semiconductors focused on their conductive properties as organic materials
were believed to be solely insulating. In 1977, Shirakawa reported on highly conductive
oxidized and iodine-doped polyacetylene, for which he, together with Alan J. Heeger
and Alan G. MacDiarmid, later received the Nobel prize in Chemistry for “The
discovery and development of conductive polymers”.18 On the molecular level, the
conductivity of those materials is explained by the concept of conjugation – a key
principle in organic chemistry. A common characteristic of conjugated molecules is the
carbon (C) backbone, in which a single C atoms is always covalently bound to three
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Figure 2.4: Molecular structures of some important organic semiconductors comprising fullerenes (C60
and PC71BM), small molecules (Anthracene, NPD and ITIC) and polymers (P3HT and polyacetylene). A
common characteristic of organic semiconductors is the conjugation along the C–C backbone indicated by
alternating double and single bonds.

adjacent atoms comprising two C atoms and one hydrogen (H) atom. This bonding is
explained by the hybridization of one 2s and two 2p orbitals of a carbon atom forming 3
degenerate sp2 hybrid orbitals as illustrated in Figure 2.5a. The remaining 2p orbital is
higher in energy than the sp2 hybrid orbitals and oriented perpendicular to the plane
described by those.

The simplest conjugated molecule is ethene whose molecular structure is shown in
Figure 2.5b. The C–C bond in ethene is the result of two adjacent sp2 hybrid orbitals
(and p–orbitals) overlapping to form a so-called σ bond (and π–bond). The new bonds
represent the bonding state of new molecular orbitals (σ and π orbitals) formed as the
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Figure 2.5: a Graphic representation of the atomic orbitals of an sp2 hybridized C–atom. b π orbital
formation through the overlap of adjacent pz orbitals in ethene. The σ–bond is the result of two sp2 hybrid
orbital overlapping along the C–C binding axis. c Benzene is a fully conjugated systems in which the π-
orbitals are delocalized above and below the ring plane. d Simplified MO scheme illustrating the spatial
distribution of an sp2 hybridized atomic orbitals and the energy splitting that occurs when mixing atoms
orbitals to form molecular orbitals (σ and π orbitals) in ethene and benzene

results of mixing atomic orbitals. In the framework of quantum mechanics, the
formation of a molecular orbital (MO) is described by MO theory. It postulates that
mixing n atomic orbitals results in n MO orbitals with an equal amount of bonding
states of lower energy and antibonding states (typically marked with a star *) of higher
energy. At 0 K, the bonding states are fully occupied and the antibonding states are
empty because they are energetically less favourable according to the Aufbau principle.

Figure 2.5d illustrates the occupation of energetic states of (i) an isolated sp2
hybridized C-atom, (ii) ethene and (iii) benzene – a six-membered, fully conjugated
C-ring. Benzene is an important building block of organic semiconductors and it can be
regarding as the unit cell for most aromatic system. The conjugation in benzene is
facilitated by six sp2 hybridized C atoms. According to MO theory, three π orbitals and
three π� orbitals are formed from the six pz whose spatial orientation is illustrated in
Figure 2.5d. Consequently, the binding π MOs are formed below and above the C ring
plane causing benzene to take an almost planar molecular conformation to enhance the
orbital overlap.

At the same time, the π MOs are not equal in energy, i.e., among the three bonding
states there are two of equal energy and one of lower energy. In contrast, among the
antibonding states, there are two of equal energy and one of higher energy. In
accordance to the Aufbau principle, the low lying energy states of the bonding π MOs
are occupied first by electrons up to the so called highest occupied molecular orbital
(HOMO), whereas the antibonding states remain empty. The energetically lowest lying
π� orbital is called the lowest unoccupied molecular orbital (LUMO). The energy
difference between the HOMO and the LUMO is the bandgap and therefore a crucial
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concept for understanding photoexcitation as well as electronic processes in organic
semiconductors. Photoexcitation over the HOMO–LUMO gap typically yields the
strongest and most redshifted absorption band of a conjugated molecule. This can be
simply regarded as a π � π� transition in which one electron is promoted from the
HOMO to the LUMO. The resulting excited state is a quasi-particle consisting of one
electron and one hole, which are strongly bound in organic molecules. This
quasi-particle can have two possible spin configurations: parallel (Tn) and anti-parallel
(Sn). The lowest possible energy state is called ground state (S0) and it is characterized
by an anti-parallel spin configuration. The photoexcitation of a triplet state is unlikely
as the dipole transition moment becomes zero. For example, the optical transition from
the singlet ground state to the first excited triplet state (S0 Ñ T0) is suppressed by
many orders of magnitude. In this thesis, absorption refers solely to the
photoexcitation of excited singlet states.

To manipulate the absorption bands of organic semiconductors, the
HOMO–LUMO gap can be engineered though molecular functionalization by
modifying the electron density in the π–system through introduction of electron
donating moieties like methoxy (–OMe), methyl (–CH3) and amino (–NH3) groups or
electron withdrawing groups like fluorid (–F) and cyanid (–CN). Electron donating
groups often possess fully occupied orbitals with lone pairs of electrons, which can
participate in the π system by increasing its electron-density. As a consequence,
HOMO and LUMO energies of the molecule are raised. It is important to note that
HOMO and LUMO are theoretical constructs from MO theory applying to single
molecules in vacuum. The experimental quantities, that are most often obtained for
bulk organic semiconductors are ionisation potential and electron affinity, which are
closely related to HOMO and LUMO energy levels as described in Section 2.2.1.

2.1.3 Franck-Condon Principle

Assuming a two-level system with monoenergetic HOMO and LUMO energy levels,
one obtains a well-defined optical gap with a sharp absorption onset at low energies.
However, the absorption bands typically observed in organic thin-film spectroscopy are
spectrally broad. The main broadening mechanisms are: (i) simultaneous excitation of
electronic and vibrational modes (electron-phonon coupling) and (ii) static disorder
that is the standard deviation of the Gaussian distribution of HOMO and LUMO
energies in the bulk. In the following, the broadening due to electron-phonon coupling
in the high frequency limit will be discussed with the help of the Franck-Condon
principle. Section 2.1.4 will discuss Marcus theory for electron-phonon coupling in the
low frequency limit, while Section 2.1.5 will refer to the absorption band broadening
due to static disorder.

The photoexcitation of electronic states is always accompanied by the excitation of
vibrational sub-levels – a process that is referred to as electron-phonon coupling.
Electron-phonon coupling is often described by the Franck-Condon principle, which is
used to explain spectral features in electronic-vibrational spectroscopy corresponding
to high-frequency normal modes with the vibrational frequency ω. A stretching
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rel
(2)

Figure 2.6: Graphical representation of the vibrational sub-levels of the electronic ground state i and
excited state j, and the corresponding probability densities. According to the Franck-Condon principle, the
interatomic distance remains invariant during the transition. The arrows show possible optical transitions
(green arrow represents absorption and blue arrow emission).

vibration of a C-C double bond in a conjugated molecule has an energy in the range of
ω � 150� 200 meV and hence kT ! h̄ω.19

The Franck-Condon principle is illustrated in Figure 2.6, where the electronic
ground state energy Ei and excited state energy Ej are shown for a simple diatomic
molecule as a function of the bond length q. Reducing q leads to an exponential increase
in the potential energy as the nuclei experience electrostatic repulsion. Increasing q

eventually leads to the dissociation of the bond after which the nuclei no longer “see”
each other and the potential energy becomes independent of q. The excited state is
generally of weaker bonding because of the population of an antibonding state and
hence the shift to higher q. To realize the quantummechanical treatment, the potential
energy surfaces are further quantized into vibrational states νm and νn of the electronic
ground state and the excited state, respectively, hence the molecule is said to be in a
vibronic state. A Boltzmann population of the vibronic states is assumed. At T � 0 K,
only the thermodynamic equilibrium νm � 0 is populated.

To arrive to the Franck-Condon principle describing the probability of a vibronic
transition, the absorption of a photon with the energy h̄ω has to be regarded as an
instantaneous process in comparison to the motion of the nuclei. Hence, the absorption
process is represented by a vertical arrow. The Franck-Condon principle states that the
transition rate kijmn depends on the Franck-Condon factor FC ijmn, describing the
vibronic wavefunction overlap, and the dipole transition moment dmn that depends on
the electronic spatial and spin selection rules:

kijmn � FCijmn � dmn. (2.15)

kijmn can be used to describe the probability that a photon will be absorbed or emitted.
In the case of high-frequency modes, where h̄ω " kT , emission and absorption occur at
distinct photon energies corresponding to vibronic transitions between the ground
state and the excited state with a relative intensity depending on kijmn. The discrete
nature of absorption and emission bands is illustrated in Figure 2.7. Moreover, the

13



2.1 Marcus Theory

Figure 2.7: Fine structure of absorption and emission bands due to the quantization of the electronic
levels into vibrational sub-levels. Strong optical transitions are expected between vibrational levels with
high orbital overlap. The energy difference between the peak emission and absorption is called Stokes shift
and equals twice the reorganization energy λ.

Franck-Condon-principle says that emission and absorption spectra are reciprocal and
therefore symmetrical to the zero-phonon line energy E0�0. For the example shown in
Figure 2.6, kij02 ¡ kij00 due a higher wave function overlap between vibronic states
νm � 0 and νn � 2. If the molecule is in a higher vibrational state of the excited state
(νn � 1, 2, ...), it will first relax into the vibrational ground state (e.g. νn � 0) via
vibrational relaxation before radiative emission can occur. Vibrational relaxation
describes the energy dissipation to the environment mediated by intramolecular
deformation of the molecule and intermolecular motions of the lattice in solid phase or
the solvent in solution.20 The intramolecular contributions are the relaxation energy of
the ground state λ

p1q
rel and of the excited state λ

p2q
rel as shown in Figure 2.6 and Figure 2.7.

λ
p1q
rel and λ

p2q
rel can be obtained from density functional theory calculations. For

intramolecular relaxation in the limit of weak intermolecular electronic, the total
energy dissipated is the so called reorganization energy λ with λ � λ

p1q
rel � λ

p2q
rel .21–23

After vibrational relaxation to νn � 0 of an excited state n, radiative emission occurs to
the vibronic levels νm � 0, 1, 2, ... of the electronic ground state m.

2.1.4 Marcus Theory
In large organic molecules, high frequency vibrational modes (e.g. C-C and C-H bond
stretchings) are convoluted with low-frequency modes (e.g. ring-breathing modes)
leading to an overall broadening of the absorption band. Low-frequency modes are
characterized by kT " h̄ω and can therefore be treated classically by a continuous
harmonic oscillator approximation as demonstrated in Figure 2.8 for the ground state i

and the excited state j. Originally developed for electron transfer reactions, a
Marcus-type transfer can only occur in the dark if the reactants undergo fluctuations in
the nuclear coordinates, which requires an additional energy contribution via the
previously introduced reorganization energy λ.24 Marcus theory is both applicable to
electron transfer reaction as well as optical transitions. Here, Marcus theory for optical
transition will be considered for the nonadiabatic case when the nuclear motion is
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Chapter 2 Fundamentals and Concepts

Figure 2.8: Schematic illustration of the potential energy surfaces Ei and Ej for the ground state and the
excited state as a function of the nuclear coordinates q.

assumed to be decoupled from the motion of electrons similar to Chapter 2.1.3.
Figure 2.8 sketches the potential energies Ei and Ej of the ground state i and the

excited state j as a function of the nuclear coordinates q similar as in Figure 2.6 for the
illustration of the Franck-Condon principle. In Marcus theory, Ei and Ej are
approximated by harmonic oscillators around the potential minimum with the nuclear
coordinates qi and qj for the ground state and excited state, respectively. To conserve
the energy of the system, an optical transition can only occur when Ei and Ej intersect
at the nuclear coordinate q�. The system therefore has to overcome a potential barrier
of the height ∆E�, which can be written as

∆E� � pλ�E � ∆Eijq2
4λ

, (2.16)

where E is the photon energy and λ is the reorganization energy. For charge transfer in
the dark, E � 0. Starting from Fermi’s Golden about the transition between two states
and assuming a thermal distribution of states, the transition rate kij can be formulated
as

kij � 2π

h̄

��Vij

��2
?

4πλkT
exp

�
�pλ�E � ∆Eijq2

4λkT



, (2.17)

where k is the Boltzmann constant and
��Vij

��2 is the interstate coupling, which is related
to the Franck-Condon factor. Importantly, the presented theory assumes equivalent λ

for the ground state and the excited state, i.e. equivalent curvatures of Ei and Ej .

2.1.5 Static Disorder
So far, we have considered only the molecular picture of organic semiconductors.
Herein, frontier orbitals were introduced to explain the concept of electron-phonon
coupling via the Franck-Condon principle and Marcus theory. On a macroscopic scale,
the semiconducting properties arise from the clustering of molecules forming a solid.
Since the molecules are hold together by weak Van-der-Waals forces, organic
semiconductors in thin film form are mostly disordered at the short range
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2.1 Static Disorder

Figure 2.9: a Gaussian distribution of discrete HOMO and LUMO energy levels in an organic thin film.
b Schematic illustration of the electronic structure of an inorganic, banded semiconductors with continuous
conduction and valence band, and an exponential sub-gap DOS.

(molecule-molecule interfaces) as well as at the long range (morphology). Varying
levels of crystallinity can be achieved depending on the material and processing
technique. Small molecules, which are planar and aromatic such as NPD or anthracene,
form stacked layers upon vacuum evaporation or sublimation achieving the highest
degree of crystallinity possible in organic semiconductors.

Conjugated polymers with long C-C chains like P3HT are solely
solution-processable and contain sterically demanding groups such as long alkyl-chains
resulting in a semi-crystalline morphology. In polymers, the conjugation along the C-C
chain is typically broken into shorter segments due to atomic defects and chain folding.
Van-der-Waals forces between conjugated segments of different polymers or within the
same folded polymer chain can lead to short-range order resulting in semi-crystalline
thin-films, but higher degrees of crystallinity known from vacuum-deposited small
molecules or inorganic semiconductors are not achieved due to lack of long-range
order.25 Moreover, polymers are less defined than small molecules as their synthesis
yields chains of different length, which cannot be fully separated. The molecular weight
(MW) is therefore given within a certain range, e.g. MW ––54.000 g{mol to 75.000 g{mol.

Clearly, the energetic landscape of the thin film will strongly depend on the
material as well as spatial variations within the thin film induced by morphological
effects. The resulting energetic disorder of the HOMO and LUMO energy levels is often
described by the Gaussian disorder model (GDM),26 where the density of states (DOS)
for the HOMO energy levels, for example, is written as

DOSHOMOpEq � 1?
2πσs2 exp

��pE �EHOMOq2
2σs2

�
. (2.18)

The static disorder σs and the HOMO energy level EHOMO represent the standard
deviation and the median of the Gaussian distribution, respectively. DOSHOMO is
number of HOMO energy levels per unit volume per unit energy that holes are allowed
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to occupy. An analogous expression to eq. 2.18 can be written for the LUMO energy
levels. σs is routinely used in the description of dispersive charge transport.27 Herein,
“static” refers to the absence of temperature dependence of the DOS. A graphic
representation of the Gaussian DOS of the HOMO and LUMO energy levels in an
organic semiconductor is shown in Figure 2.9.

Importantly, the DOS of an organic semiconductor comprises discrete energy levels
due to the localized character of molecular orbitals. This is in contrast to banded
crystalline semiconductors in which covalently bound atoms, with relatively short
nearest neighbour distances, form a lattice. The atomic orbitals, which are a spatial
representations of the electronic wavefunction, are delocalized over the entire crystal
and can be described by Bloch functions. This leads to the formation of continuous
bands in which the electrons can move freely. The density of states in the conduction
band for E ¡ EC near the bottom of one conduction band, can be written as

DOSpEq � 1
2π2

�2m�
e

h̄2
�3{2a

E �EC, (2.19)

whereEC is the conduction band edge and 2m�
e is the effectivemass of the electrons.5An

analogous expression is valid for the valence band for E   EV with 2m�
h as the effective

mass of the holes.
As shown in Figure 2.9, inorganic semiconductors are characterized by an electronic

gap where no energy states are available to be populated by electrons or holes. However,
even in single crystals, there is a non-zero probability of localized trap states within the
bandgap,whicharise from imperfections of the crystal due todefects, impurities or grain
boundaries. In inorganic solid-state semiconductors, sensitivemeasurements in the sub-
gap spectral range reveal an exponentially decaying sub-gap absorption tail. The slope
of the absorption tail as a function of temperature is often characterized by the so-called
Urbach energyEU such that the sub-gap absorption coefficientαpE, T q canbe described
as

αpE, T q � α0 exp
�

E �Eon

EUpX, T q



, (2.20)

where Eon is the energy onset of the tail correlated to the bandgap energy and α0 is the
above-gap absorption coefficient. EU depends on the temperature T and the
morphology, where X includes the effect of σs. The term Urbach energy originates from
early studies by Franz Urbach in 1953 for the α of silver halide emulsions. For such
emulsions, no effect of X was observed such that EU � kT .28 In banded neat and
compound semiconductors, EUpX, T q at room temperature can take values between
5 eV to 100 eV depending on the material and its morphology.29–33 In early
literature34,35 on amorphous hydrogenated silicon (α:Si-H), EUpX, T q was shown to
saturate to a constant EUpXq in the low temperature limit. Using the Einstein solid
model to account for the thermal occupancy of phonon states, X was extracted from a
fit to the experimental EUpX, T q. Notably, a unifying theory (for materials of different
chemical bonding and morphology) relating X to the density of trap states (DOSt) and
their absorptionis is still lacking.36,37 Nevertheless, the broadening of the exponential
sub-gap α banded inorganic semiconductors is believed to arise from the direct
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photoexcitation of exponentially distributed trap states. EU is therefore sometimes
used to characterise the broadening of the DOSt via

DOStpEq � NC exp
�E �EC

EU

�
. (2.21)

2.1.6 Charge Transfer Absorption
The discussion on the sub-gap spectral range in organic semiconductors is dominated by
chargetransfer (CT)absorption.CTabsorption isoftenobserved inblendsof twoormore
organic semiconductors as a low-energy contribution to themost red-shifted absorption
band of the neat phase material. In a binary blend, one material is called donor (D) and
the other is called acceptor (A) depending on the affinity of the molecules to donate or
accept an electronduring the electron-transfer process at theD:A interface.The concept
of blending D and A to enhance exciton dissociation will be discussed in Chapter 2.2.2.
The CT absorption band results from the photoexcitation of intermolecular CT states
that can format theD:A interface.CT states absorb light at longerwavelengths than the
optical gaps of the neat materials. Moreover, the absorption coefficient α in the spectral
range ofCTabsorption is typically 2 to 3 orders lower than that of above-gap absorption.
The energy of the CT states, ECT, is often given roughly as the difference between the
HOMOof thedonor (EHOMO,D) and theLUMOof the acceptor (ELUMO,A) as illustrated
in Figure 2.10. This approach can give a first estimate of the CT energy, however, the
real value is typically lower due to the exciton binding energy of the CT state (Eb

CT).
D:A blends with an energy difference between ECT and the lowest singlet state energy
of the acceptor ES1,A below 300 meV are often considered low-offset blends, and large
offset when this energy difference is greater than 300 meV.38–40

Figure 2.10: Simplified illustration of the HOMO and LUMO energy levels of D and A in the blend.
The CT energy equals roughly the difference between the HOMO energy of the donor (EHOMO,D) and the
LUMO energy of the acceptor (ELUMO,A) minus the CT exciton binding energy (ECT

b ). The intramolecular
exciton binding energy in the acceptor phase (Eb

A) is lower than the intermolecular binding energy of an
interfacial CT exciton (Eb

CT).
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To describe the photoexcitation of CT states, the non-adiabatic Marcus-theory in the
high temperature limit is often used,41 which was presented in Chapter 2.1.6. In the
GDM, the distribution HOMO and LUMO energy levels is described by a Gaussian-like
function (see Chapter 2.1.5) and therefore also the distribution of ECT energies in the
bulk. From the integral of the DOS of CT states times the probability that those states
are occupied (given by the Marcus rate), the multimode CT absorption coefficient is
derived as

αCTpEq � fCT
E
?

4πλCTkT
exp

�
�pλCT �E �ECTq2

4λCTkT



. (2.22)

fCT is the oscillator strength which depends on the electronic coupling between CT
ground state and the CT excited state. The CT energy ECT and the reorganization
energy λCT include the effect of static disorder (or inhomogeneous broadening) via

ECT � ECT,0 � σ2
s

2kT
,

λCT � λCT,0 � σ2
s

2kT
.

(2.23)

ECT,0 and λCT,0 parametrize αCT in the case of a monoenergetic DOS, when σs � 0.
For σs ¡ 0, αCT is redshifted with respect to the monoenergetic αCT. In literature,
eq. 2.22 is often used to extract the material-specific parameters ECT and λCT from the
experimental α spectrum in the spectral range of CT absorption. The origin of line
width broadening of αCT can be twofold: a high λCT, which stems from
electron-phonon coupling described in Marcus theory, or a high σs, which is assumed to
be temperature independent. Recent temperature dependent studies of αCT suggested
that solely the dynamic vibrational broadening is responsible for the broadening of αCT
and not the effect of σs.42–44

The detection of CT absorption features requires very sensitive techniques such as
photothermal deflection spectroscopy (PDS), Fourier transform photocurrent
spectroscopy (FTPS) or sensitive external quantum efficiency measurements (sEQE).
PDS measures directly the thermal dissipation of absorbing states in a thin film on
glass and therefore does not rely on photocurrent measurements. In contrast, FTPS
and sEQE require a full device stack with electrodes to extract the photocurrent, which
may impose device properties such as wavelength dependent charge collection
efficiency or interference effects (see Section 2.2.2) onto the photocurrent spectrum.
The disadvantages of PDS lay in a complicated experimental setup and data analysis,
as well as a relatively low sensitivity to α of about 1 cm�1.45–47 Recently, sEQE
measurements were demonstrated to be sensitive to photocurrents that are equivalent
to an α of around 10�4 cm�1.48

To extract CT state parameters from the spectral line shape of the experimental
sEQE spectrum, two assumptions are typically made in literature in order to relate the
sub-gap α to the sEQE spectrum. First, it is assumed that charge collection efficiency
at sub-gap energies is excitation energy independent, hence EQE9A. This has been
shown by multiple groups for efficient D:A blends.49–51 Moreover, the spectral
line-shape of α and the absorbance A in the sub-gap tail are related via A � 2αd, where
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2.1 Charge Transfer Absorption

d is the active layer thickness and the factor 2 takes into account the reflection of
incoming light at the bottom electrode. For optically thin films of 80 nm to 150 nm, it is
often assumed that interferences effects are negligible since the active layer thickness is
well below the wavelength of incoming light.52
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2.2 Electronic Processes in Organic Photodiodes

The previous section focused on absorption phenomena in organic semiconductors.
Absorption of light leads to exciton formation and subsequent exciton dissociation into
mobile charge carriers in efficient photodiodes. The mobile charge carriers are then
transported to the electrodes under the effect of an electric field inducing a photocurrent
in the external circuit. In addition to photocurrent generated under illumination,
electronic devices generate dark current, which is the result of leakage current or
recombination processes in the bulk or at the contacts. Some recombination processes
are fundamentally linked to the materials, while others can be avoided using smart
device fabrication. Understanding losses occuring during free charge carrier generation
and recombination is a prerequisite for achieving high device efficiencies. This section
discusses processes involved in the photon-to-electron conversion as well as the dark
current generation emphasizing the differences between organic semiconductors and
crystalline inorganic semiconductors typically used for light sensing applications.

2.2.1 Bands and Fermi Levels

It is important to introduce the basic principles of banded inorganic semiconductors,
since the underlying principles and terminology are often applied to organic
semiconductors within boundaries. As mentioned earlier, banded crystalline
semiconductors are covalently bound atoms forming a lattice. The atomic orbitals,
which are a spatial representations of the electronic wave function, are delocalized over
the entire crystal and can be described by Bloch functions in the framework of the
Kronig-Penney model. This leads to the formation of continuous bands, where
electrons can move freely. The important physics concern the energetically highest
occupied band (valence band, where the upper edge has the energy EV) and the lowest
unoccupied band (conduction band, where the upper edge has the energy EC).
Electrons can be excited to the conduction band leaving behind an empty state in the
valence band that is called a hole. The range of energies for which there are no bands to
be occupied is called the bandgap Eg, where Eg � EC �EV. In the dark, the
occupation of these bands is governed by Fermi-Dirac statistics. The probability
distribution of the number of electrons with the energy E is described by the
Fermi-Dirac function

fpEq � 1
exp

�
E�EF

kT

	
� 1

, (2.24)

where EF is the Fermi energy that lies very close to the middle of the bandgap in an
intrinsic semiconductors as schematically shown in Figure 2.11a. At absolute zero,
fpEq � 1 for electron energies below the Fermi energy and fpEq � 0 for electron
energies greater than the Fermi energy. At higher temperatures, a larger fraction of the
electrons occupy the conduction band leaving an equivalent amount of holes behind in
the valence band. The probability distribution of the number of holes with the energyE
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2.2 Bands and Fermi Levels

Figure 2.11: Schematic illustration of the Fermi-Dirac distribution for three different cases: an intrinsic
semiconductor at absolute zero and higher temperatures (a); an n-doped and p-doped semiconductor with
shifted Fermi-levels in thermal equilibrium(b) and a semiconductor in quasi-equilibrium under illumination
resulting in Fermi-level splitting (c).

is therefore given by 1� fpEq. The occupation of the conduction band, and the valence
band, is given by

n �
» 8

EC

DOSpEqfpEq dE � NC exp
�
�EC �EF

kT



,

p �
» EV

�8
DOSpEq �1� fpEq� dE � NV exp

�
�EF �EV

kT



,

(2.25)

wheren and p are the electron and hole densities, andNC andNV are the ‘effectiveDOS’
that are accessible at kT to be occupied within the conduction and valence band. For an
intrinsic semiconductor,

np � n2
i � NCNV exp

�
�Eg

kT



, (2.26)

while the np product stays unchanged. EF can be shifted towards the conduction or
valence band upon addition of dopants (controlled amount of impurities) resulting in an
increasedequilibriumelectron(calledn-doped)orhole concentration(calledp-doped)as
showninFigure2.11b.Whenlightwithenergygreaterthanthebandgapis incidentonthe
semiconductor, it can excite electrons across thebandgap thusgeneratingadditional free
charge carriers. As a result, the semiconductor is no longer in thermal equilibrium, but
in quasi-equilibriumwhere the occupancy of valence band and conduction band is given
by the quasi-Fermi levels EF,n for electrons and EF,p for holes as shown in Figure 2.11c.
The occupation of the conduction band, and the valence band, in quasi-equilibrium, is
now given by

n � NC exp
�
�EC �EF,n

kT



,

p � NV exp
�
�EF,p �EV

kT



,

(2.27)
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with np ¡ n2
i and

np � NCNV exp
�
�Eg

kT



exp

�
EF,n �EF,p

kT



� n2

i exp
�

EF,n �EF,p
kT



. (2.28)

Increasing the number of free charge carriers upon illumination is called
photoconductivity, which is a core principle of solar cells and photodiodes. While
concepts like Fermi-levels, Fermi-level splitting and bandgap are useful for
understanding the working principles of organic semiconductors, they fail to account
for the molecular nature and localized electronic states of organic semiconductors. As
previously shown in Figure 2.9, the HOMO and LUMO energy levels of molecules in a
solid follow a Gaussian distribution, where the energy difference between the centre of
the distribution can be seen as the electronic gap, or often called bandgap. However,
the wave function of the HOMO (or LUMO) is delocalized over a few neighbouring
molecules or even a single molecules such that no delocalized bands are formed in
disordered organic semiconductors. To account for the molecular nature of the
electronic properties, the ionization potential IP and the electron affinity EA are often
used instead of valence and conduction band edge. For molecules, the IP describes the
energy required to remove an electron from the HOMO of an isolated molecules in
gaseous phase, whereas the EA describes the energy required for the addition of an
electron to the LUMO. The electronic bandgap in organic semiconductors corresponds
to the difference between IP and EA, which is different to the optical gap Eopt that is
the energy required for the lowest optical transition (S0 Ñ S1).53 The difference
between the Eopt and Eg is the binding energy Eb which typically amounts to about
500 meV for conjugated polymers,54–56 but was also reported to up to 1.5 eV for
conjugated molecules like C60.57,58 Note, that in crystalline inorganic semiconductors
Eb is only in the order of a few meV and therefore much lower than in organic
semiconductors. This is of great importance for the free charge carrier generation as
discussed in Section 2.2.2.
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Figure 2.12: Illustration of gap energies in a crystalline inorganic semiconductor (a) and in a disordered
organic semiconductor (b). The band diagram in a crystalline semiconductor is characterized by the
conduction and valence band edges, EC and EV, respectively, in reference to the vacuum energy level
Evac. The molecular nature of organic semiconductors prevents the formation of energy bands. Instead, the
HOMO and LUMO energy levels are given, which represent the mean of the respective Gaussian distributions
of molecular energy level present in the bulk. The electronic gap Eg equals the sum of optical gap Eopt
and the electron-hole pair binding energy Eb, that is at least one order of magnitude higher in organic
semiconductors in comparison to crystalline inorganic semiconductors. Moreover, the ionization potential
IP and electron affinity EA are often used to characterize the energy levels.

2.2.2 Charge Generation

The generation of free charge carriers proceeds via three subsequent steps: First,
excitons are generation via photoexcitation. In organic semiconductors, those exitons
are primarily singlet excitons, but also direct photoexcitation of sub-gap states takes
place to a small extent as discussed in Section 2.1.6. Second, the excitons diffuse within
the material with a characteristic diffusion length depending on the dielectric constant
of the material. Third and last, the excitons dissociate into free charge carriers. In
disordered organic semiconductors, the electrostatic screening is weak due to typical
dielectric constants of ε � 3� 4 resulting in Eb between 0.3 eV to 1 eV in the neat phase
material.58 Since Eb is much greater than thermal energy at room temperature, the
predominant type of excitons are spatially localized singlet excitons of the Frenkel
type. In contrast, electric charges in crystalline semiconductors are strongly screened
by a large dielectric constant ε ¡ 10. Consequently, the Coulomb interaction between
an electron and a hole is weak, and hence the excitons tend to be delocalized over
multiple atoms. A schematic illustration of the spatial extension of different types of
excitons is shown in Figure 2.13. Excitons in inorganic crystals are called
Mott-Wannier excitons with Eb � 10 meV. The splitting of Mott-Wannier excitons
can therefore be regarded as instantaneous with respect to photoexcitation.

In a blend of two organic semiconductors, an intermediate state between a Frenkel
and Mott-Wannier exciton exists – the so-called CT exciton or simply CT state. The
CT state is an intermolecular exciton delocalized over two neighbouring molecules (D
and A). The binding energy of CT states (Eb

CT) is strongly debated in literature and
was previously estimated to be between a few tens to 100 meV depending on the
materials and techniques used to measure the parameter.51,59–61 Since this is much
lower than Eb of singlet excitons, dissociation of CT states is much more likely at room
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Figure 2.13: Sketch of the different types of excitons observed typically in semiconductors comprising (i)
weakly bound Mott-Wannier excitons in banded semiconductors, (ii) intramolecular, strongly bound Frenkel
excitons in molecular solids and (iii) intermolecular charge transfer (CT) excitons in molecular solids, which
can be regarded as an intermediate case between (i) and (ii).

temperature. The formation of a CT state as an intermediate step between singlet
excitons and free charge carriers and is therefore a prerequisite for efficient exciton
dissociation.49,50,62 The most efficient organic photodiodes and solar cells have a
photoactive layer that comprises an interpenetrating network of nano-sized phase
domains of D and A, which also provide percolation pathways to electrodes.63 That
way, the nearest D:A interface is within the diffusion length of a Frenkel-type singlet
exciton generated somewhere in the bulk to ensure efficient charge generation. This
type of heterojunction is called bulk heterojunction (BHJ). More detailed information
on photodiodes with a bulk heterojunction are provided in Section 2.4.

Figure 2.14 shows the electronic states involved in free charge carrier generation
including singlet state, CT state and free electrons and holes in the charge-separated
(CS) state. Note, that black and grey lines indicate the electronic levels and the
vibrational sublevels, respectively. While the optical generation of excitons into the
different vibrational levels occurs in accordance with the Franck-Condon principle,
exciton recombination always proceeds from the lowest vibrational level, since
vibrational relaxation is on a faster timescale than electronic excitations. According to
Figure 2.14, two steps are necessary for free charge carrier generation: The formation of
a CT state with the rate constant kCT and the subsequent dissociation with the rate
constant kCS. These pathways are in kinetic competition with radiative and
non-radiative recombination of CT states, and the encounter of free charge carriers
resulting in the formation of CT states (encounter rate βenc). Generally, the energetic
offset between the first singlet exciton energy ES1 and the ECT is considered as the
driving force of exciton dissociation (marked as ∆ECT in Figure 2.14). In the
framework of non-adiabatic Marcus theory in the high-temperature limit, an increase
in ∆ECT can be linked to higher kCT rates, which was also experimentally shown for
binary blends with fullerene acceptors.64,65 The more recent types of non-fullerene
acceptors (NFAs) have a very low ∆ECT, but still yield efficient charge generation.38,66
The charge generation in NFA containing blends with vanishingly small energetic offset
is therefore still under debate.66–68

Another topic under debate is the process of charge separation with the rate
constant kCS from the relaxed CT state manifold to the CS state with an associated
potential barrier of Eb

CT being the energy difference between the relaxed CT state and
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Figure 2.14: A simplified state diagram representing the most important generation and recombination
processes mediated by singlet and charge transfer state (CT) excitons. The transitions from singlet to
CT state to charge separated state represent electron transfer processes which increase the electron-hole
separation distance in the exciton until electron and hole have overcome the electrostatic Coulomb forces
and become free charge carriers.

the CS state energies. As mentioned earlier, Eb
CT is typically estimated to be between a

few tens to 100 meV depending on the materials and techniques. To explain the,
nonetheless, efficient charge separation from the CT state to the CS state, several
mechanisms have been proposed based on the existence of entropy and an energy
cascade between mixed and pure phases.69–71

2.2.3 Free Charge Carrier Recombination

The recombination of electrons and holes, that do not originate from the same exciton,
is called non-geminate recombination. Geminate recombination happens before the
exciton dissociates into free charge carriers and was discussed in the previous section on
charge generation. Once electrons and holes meet, the dominant recombination
pathway depends on the energy levels of the photoactive semiconductor, the device
layout and energetics, the temperature and applied voltage. Figure 2.15 demonstrates
different non-geminate recombination mechanisms that are expected to be present in
both inorganic and organic semiconductors.

Band-to-band recombination in the bulk is most probable for direct-bandgap
inorganic semiconductors among the III-V compounds of the periodic table. If the
oppositely charged carriers are statistically independent of each other, then carrier
recombination is a random process depending on charge carrier densities n and p. At
thermal equilibrium, the recombination rate is given by

R � βnp, (2.29)

where β is the bimolecular recombination rate constant, that is proportional to the
thermal generation rate Gth via

Gth � βn2
i . (2.30)
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Figure 2.15: Different recombination pathways for free holes and electrons.

At thermal equilibrium, np � n2
i and hence R � Gth. The net transition rate U is then

well approximated by
U � βpnp� n2

i q, (2.31)

assuming low level injection, where the number of excess carriers is negligible in
comparison to majortiy carriers.

In neat, disordered organic semiconductors, the encounter of charge carriers in the
bulk is limited by their low mobilities. In such low-mobility materials,
U � βLpnp� n2

i q, where βL is the Langevin recombination rate constant depending on
the hole and electron mobility, µh and µe, via

βL � qpµh � µeq
εrε0

, (2.32)

where ε0εr is the permittivity of the active layer. The limiting process in Langevin-type
recombination is the diffusion of charge carriers to each other. In a donor-acceptor
blend, the bimolecular recombination coefficient is reduced relative to Langevin
recombination rate constant (β   βL) expected for a neat organic semiconductor. That
is because electrons and holes can only move in the respective acceptor and donor
domains, which limits their encounter rate and thus lowers β.72 Moreover, upon
encounter, electron and hole form a CT state exciton which can either recombine or
re-dissociate into free charge carriers, while re-dissociation is expected to further
decrease β relative to βL.73 The probability of CT state (re)dissociation into free charge
carriers and recombination is described by the Onsager-Braun model as electric-field
dependent processes.74 However, there are doubts as to this model because of the
random orientation of D:A interfaces with respect to the electric field direction. The
generation-recombination dynamics of CT states therefore remain under debate.
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For indirect-bandgap semiconductors such as Si and Ge, the dominant pathway is trap-
assisted recombination described by Shockley, Read and Hall (SRH) in 1952.75–77 A
schematic illustration of this type of recombination is drawn in Figure 2.15 showing a
two-step process: First, an electron (or hole) is trapped by an energy state within the
bandgap which is introduced through defects or impurities. Second, if a hole (or an
electron) has previously occupied the same energy state, then electron and hole will
recombine. The trap-assisted recombination rate constant βSRH can be described by the
competition of capture and release rates of holes or electrons from trap states with an
energy Et. For mid-gap trap states Et � Ei and

βSRH � CnCpNt
Cnpn� n1q �Cppp� p1q , (2.33)

where Nt is the trap density, Cn and Cp are the electron and hole capture coefficients,
respectively. NC and NV are the effective DOS to be occupied by electrons and holes at
kT . Furthermore, n1 � NC exprpEt �ECq{kT s and p1 � NV exprpEV �Etq{kT s. In
the case of trap state mediated recombination, β � βSRH and USRH � βSRHpnp� n2

i q.
According to SRH statistics, bulk traps with energy levels near the mid-gap are the
most effective recombination centers.

In literature, the SRH model was previously applied to organic systems78–81 and
perovskites82,83 to describe charge transport phenomena. Recently, mid-gap trap
states were observed by different experimental techniques such as sensitive external
quantum efficiency measurements84, impedance spectroscopy85 and intensity
dependent photocurrent measurements86.

The last non-geminate recombination type is surface recombination, which is the
non-radiative recombination of free charge carriers at non-selective contacts as
illustrated in Figure 2.15. This becomes particularly important for materials with low
bulk recombination rates and high mobilities.87 One way to overcome surface
recombination is to design Ohmic contacts by adjusting the metal/semiconductor work
function offset to block charge extraction at the “wrong” electrode (electrons at the
anode, holes at the cathode), which is especially important under reverse bias. Another
way is to employ truly charge-selective interlayers to prevent the charge diffusion to the
“wrong” electrode.88 However, contact design is complicated by a plethora of
phenomena happening at the metal/organic interface like interface dipoles and Fermi
level pinning.89

2.2.4 Charge Transport

For a semiconductor, with both electrons and holes, the conductivity is given by

σ � qpnµe � pµhq, (2.34)

where µe and µh are the electron and hole mobilities, respectively, in units of cm2{pV sq.
Sinceσdepends linearlyonnandp, it canbedrastically increasedbydoping, illumination
and voltage bias, which will shift the Fermi level as shown in Section 2.2.1 by increasing
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the charge carrier density. The charge carrier mobilities, µe and µh, are related to the
average drift velocities vd, reached by carriers under the applied electric field F , via

vd � qpnµe � pµhqF . (2.35)

In banded semiconductors, µe and µh are typically very high only being limited by
phonon scattering or the presence of ionized impurities. For example, in silicon
µe � 1450 cm2{pV sq and µh � 450 cm2{pV sq. When scattering by phonons is
predominant, the mobility decreases with increasing temperature according to
µ9T�3{2 due to thermally activated phonon modes. On the other hand, when
scattering at ionized impurities dominates the transport, the mobility increases with
increasing temperature via µ9T 3{2.5 This temperature dependence of µ is
characteristic for band transport and it has been observed in inorganic crystalline
semiconductors, but also in small organic molecules which can form perfect crystals,
such as polyacenes.90 Since for organic and inorganic crystalline materials at room
temperature, phonon scattering is dominating the transport, an increase in mobility is
observed with decreasing temperature. The mobility decreases, until at very low
temperatures, no more charges are available to populate the conduction (or valence)
band due to the temperature dependent occupancy described by the Fermi-Dirac
distribution.

In disordered materials, the mobilities are typically orders of magnitude lower
(µ � 10�2...101 cm2{pV sq).8 Due to the missing periodic lattice structure, charges are
not free to move in bands, but regarded as localized on molecular sites. Moreover, the
intrinsic charge carrier density in organic semiconductors is much lower than in
crystalline inorganic semiconductors due to a higher bandgap in the range 2 eV to 3 eV
making virtually no thermally activated charge carriers available. To describe the
transport of localized charge carriers, hopping and tunnelling models are used as well as
the concept of thermal activation to overcome a potential barrier. A combination of
hopping and tunnelling, i.e., phonon-assisted tunnelling, from site i to site j is
described by the Miller-Abrahams rate expression

vij � v0 expp�2αrijq
#

exp
�
�Ej�Ei

kT

	
for Ej ¡ Ei

1 for Ej   Ei.
(2.36)

v0 is the attempt-to-escape frequency, α and rij describe the electronic coupling and
the distance between the sites i and site j, respectively, whereas Ei and Ej are their
energy levels. The exponential term is a Boltzmann factor describing the thermal
activation of the hopping process. In that case, the mobility increases with temperature
as it is typically observed in organic disordered semiconductors. Note that two cases are
distinguished: (i) for Ej ¡ Ei, the rate is thermally activated; and (ii) for Ej   Ei, the
rate is not impeded by the additional term. The problem of this model lies in the variety
of intermolecular distances and undefined energetic landscape of the molecular sites in
disordered semiconductors (∆pEj �Eiq inhomogeneous). In literature, the energetic
landscape is widely assumed27 to be a Gaussian-like DOS as described in Section 2.1.5.
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2.2 Charge Transport

This section describes the absorption coefficient lineshape broadening as a result of
static disorder that is the Gaussian standard deviation.

Amore sophisticated transport model can be described in the framework of Marcus
theory which takes electron-phonon coupling into account in contrast to the
Miller-Abrahams formalism. In Eq. 2.17 from Section 2.1.4, the Marcus rate kij was
given for the photoexcitation from a singlet ground state i to the first excited singlet
state j in the non-adiabatic, high-temperature limit. The same expression can be
applied to electron transfer from molecule i with energy Ei to the molecule j with
energy Ej . It is important to note that the Marcus rate has to be viewed in different
limits, and thus can be applied to different electron transfer scenarios. In fact, the
original description by Rudolph A. Marcus was formulated for electron transfer in a
redox type reaction in solution.24
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2.3 Characterization of Organic Photodiodes

The primary task of a photodiode is to distinguish a measured optical signal from its
background. Depending on the application, the optical signal may vary strongly in light
power, wavelength or speed. To describe the performance of a photodiode in different
scenarios, specific figures of merit were established including noise equivalent power,
specific detectivity, bandwidth and frequency response. Depending on the application,
one figure of merit may be more important than the other and sacrifices are made
on one end to meet the expectations on the other end. For example, a high specific
detectivity may be sacrificed for a higher speed, or the speed may be sacrificed for a large
area device with a high power output. Underpinning all discussions on photodetection,
is the role of dark current and noise current limiting the minimal detectable light
power. In this section, the most important figures of merit of a photodiode are explained
and performance limits of organic photodiodes are discussed in particular.

2.3.1 External Quantum Efficiency and Responsivity
Photodiodes are optimized to detect some part of the electromagnetic spectrum
between X-Rays to Infrared radiation. The optical response window of a photodiode is
characterised by the external quantum efficiency (EQE) and the spectral responsivity
(R), that are closely related via

EQEpλq � hc Rpλq
qλ

(2.37)

where λ is the wavelength in nm, h is the Planck constant, c is the velocity of light
in vacuum and q is the elementary charge. R is given in units of A{W and therefore
describes the photocurrent per incident unit optical power. The EQEdescribes the ratio
of incident photons to extracted electrons and is in the range between 0 and 1 in the
absence of photomultiplication. The EQE, as experimental quantity, is the product of
the absorptance of the active layer A and the internal quantum efficiency (IQE)

EQEpλq � Apλq � IQEpλq (2.38)

A and IQE also range somewhere between 0 and 1, but can not be measured directly.
The IQE is the ratio of absorbed photons to extracted electrons and is given by
IQE � ηd,exηd,CTpF qηcollpF q, where ηd,ex is the exciton dissociation efficiency,
ηd,CTpF q is the field-dependent CT state charge separation efficiency and ηcoll is the
charge collection efficiency. In literature, the charge generation efficiency ηd,exηd,CT
was shown to be excitation energy independent for conventional blends in efficient
organic solar cells,49,51,91 although exemptions to the rule were demonstrated in exotic
donor:acceptor blends.92,93 Moreover, for high enough internal fields, the charge
generation efficiency approaches 1.94–97 ηcoll strongly depends on the mobility of charge
carriers, the morphology and thickness of the active layer and the energetics of the
contacts. To maximize ηcoll and to minimize the transit time of the charge carriers to
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the electrodes, a reverse bias is applied to organic photodiodes. At large enough reverse
bias, the IQE approaches 1, i.e., all photogenerated charge carriers are extracted at the
contacts. More details were discussed in Section 2.2.3 and 2.2.4 on free charge carrier
generation and charge transport, respectively. The absorptance A of the active layer is
a function of the absorption coefficient α and depends on the optics of the multi-layer
stack such as a photodiode. It can be said that A � f̃αd, where f̃ is a wavelength
dependant correction factor for optical interference effects and d is the active layer film
thickness. One way of obtaining A is to perform transfer matrix simulations as
discussed in Section 2.1.1, which requires the knowledge of the optical constants of all
layers in a multilayer stack that is the photodiode or the solar cell.

2.3.2 Current-Voltage Characteristics
The photocurrent density Jph of a photodiode is the integral over the EQE and the
irradiation spectrum of a light source (ϕ) over all energies:

Jph �
» 8

0
EQEpEqϕpEq dE. (2.39)

ϕ is specific for the source of radiation, which can be the sun, an artificial light source
such as a fluorescent lamp, or the thermal radiation of the surroundings. The thermal
radiation of the surroundings at room temperature (at 300 K) is typically modelled by
the black body radiation emitted into half sphere above the photodiodes, which is given
by

ϕBBpEq � 2hπE2

c2h3 exp
�
� E

kT

	
. (2.40)

q is theelementalcharge,c is thespeedof light,h is thePlanckconstant,k is theBoltzmann
constant andT is the temperature. At thermal equilibrium, the dark current density can
be calculated in analogy to Eq. 2.39 from

J0,R pT q �
» 8

0
EQEpEqϕBBpT , Eq dE. (2.41)

J0,R pT q is calledradiativedarksaturationcurrentdensityand it results fromthedetailed
balance of absorption of thermal radiation and the emission via radiative recombination
over the bandgap. J0,RpT q marks the lower thermodynamic limit of the dark current
density of aphotodiode. In an ideal photodiode, the currentdensity in functionof voltage
is given by

J � J0,R pT q
�
exp

�qV

kT

	
� 1

�
� Jph (2.42)

as described by the Shockley diode equation. In the dark, Jph � 0 and J � J0,R for
large reverse bias. Under illumination and open-circuit conditions, (J � 0; V � VOC),
Eq. 2.42 can be rewritten as

VOC � kT

q
ln
� Jph

J0,R
� 1

	
. (2.43)
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Figure 2.16: a An ideal photodiode produces a photocurrent Iph that increases proportional to the incident
light power (indicated by a blue arrow). Under illumination, Iph at zero voltage equals the short-circuit
current ISC and the voltage at zero current flowing equals the open-circuit voltage VOC. In the dark, the
photodiode behaves like a Shockley diode as shown by the inset with a non-zero dark saturation current
density in reverse bias. b The dark J � V characteristics on a logarithmic scale show a strong dependence
on shunt resistance Rshunt in reverse bias and dependence on series resistance Rs in forward bias.

Assuming only radiative generation-recombination over the bandgap, VOC � VOC,R.
VOC,R is called the radiative VOC limit and marks the upper thermodynamic limit of
the open-circuit voltage. The difference between the experimental VOC and VOC,R is the
recombination loss,which is around0.2 V in siliconphotodiodes, but is typicallybetween
0.4 V to 0.6 V in organic photodiodes.62 In organic photodiodes, the origin of such high
VOC losses is typically associated with non-radiative recombination.62 To account for
the different non-idealities, the modified Shockley diode equation is written as

J � J0 pV , T q
�
exp

�qpV � JRsq
kT

	
� 1

�
� V � JRs

Rshunt
� Jph, (2.44)

where Rs is the series resistance and Rshunt is the shunt resistance. In Eq. 2.44, the dark
saturation current J0 pV , T q is no longer only on T -dependent, but also dependent on
V . The origin of the voltage dependence lies in non-radiative recombination, i.e.,
J0 pV , T q � J0,R pT q � J0,NR pV , T q, where J0,NR is the non-radiative dark saturation
current density. To account for the V -dependence of J0,NR, often a diode ideality factor
(n) is introduced, which deviates from unity
(J0pV , T q exp pqV {kT q � J0pT q exp pqV {nkT q). Apart from band-to-band
transitions, non-radiative recombination channels can be trap-mediated or related to
surface effects as previously discussed in Section 2.2.3. In organic semiconductors, the
absorption of trap states was detected via sensitively measured photothermal
deflection spectroscopy98,99 as well as intensity dependent photocurrent
measurements86 for a large set of fullerene and non-fullerene blends. Recently, the
effect of mid-gap trap states has also been observed in the sub-gap EQE84 and by
impedance spectroscopy.85

Figure 2.16a illustrates the I � V characteristics of a photodiodes under different
light intensities. It is clear that the photocurrent Iph increases with increasing light
intensity. Note that the short circuit current ISC equals Iph at 0 V. Moreover, the
photodiode produces a small dark current at voltages close to 0 V as indicated by the
zoom to around � 10 meV. Next, the effect of Rs and Rshunt on the dark J � V

characteristics are discussed with the help of Fig. 2.16b. To resolve small currents in
reverse bias in comparison to forward bias, J (instead of I) is shown on a logarithmic
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scale. Rs is the contact resistance associated with the bond between the cell and its wire
leads, and the resistance of the semiconductor itself. It generally limits J for high
currents in forward bias, but is negligible at reverse bias as shown in Figure 2.16. Rshunt
typically dominates the J � V curve at small forward bias and in the reverse bias. Since
photodiodes are typically operated in reverse bias, the relative contribution of Jshunt to
J0pV , T q determines the minimal detectable light power that produces a small
photocurrent that equals the dark current. For organic photodiodes typically
J0pV , T q ! |Jshunt|, where Jshunt arises from pinholes in the active layer, injection
currents due to misaligned energy levels at the semiconductor/metal interface100 and
lateral currents101. Known strategies for reducing Jshunt include employing selective
charge blocking layers, thick junctions and optimizing the device layout to decrease
lateral leakage currents.

2.3.3 Sources of Noise

Noise describes spontaneous fluctuations of a current or voltage signal measured from a
semiconductor device. Noise is typically quantified by the electrical power P that is
dissipated over a resistor with resistance R. In the case of a time-variant current signal
inoiseptq, the power equals P � xi2

noisey �R, where xi2
noisey is the mean-square current.

In the case of a time-variant voltage signal vptq, that drops over a resistor R, the power
equals P � xv2

noisey{R. To extract more information about the signal, noise is typically
characterized in the frequency domain as power spectral density (PSD) obtained from
the Fourier transform of inoiseptq (or vnoiseptq) under consideration of the Parseval
theorem. The PSD describes how the xi2

noisey (or xv2
noisey) is distributed amongst the

various frequency components in units of A2{Hz (or V2{Hz). From the unit, it is clear
that the power is given per unit bandwidth (in Hz) in the frequency domain, which
corresponds to a certain time interval (averaging time) of the measurement of inoiseptq
(or vnoiseptq) in the time domain. Alternatively, the amplitude spectral density, which
corresponds to the root-mean-square value

a
xi2

noisey in units of A{?Hz, can be used to
characterize the noise.

Figure 2.17 illustrates the
@
i2
shot

D
spectrum of a semiconductor device as a function

of frequency as it is obtained either from a direct measurement via a fast Fourier
transform or swept super-heterodyne spectrum analyser. Alternatively, a fast Fourier
transform can be applied to a measurement of inoiseptq. Flicker noise comprises the
dominant source of noise showing 1{f dependence at low frequencies up to the corner
frequency fc. The origin of Flicker noise is still under debate and no unifying theory for
different materials and semiconductor devices exists. For f ¡ fc, shot noise and
thermal noise dominate the spectrum. Shot noise is considered a frequency
independent white noise for most devices, since the cut-off frequency is in the GHz
regime which is rarely accessible with conventional device architecture and
materials,102–104 and therefore is not explicitly mentioned in Fig. 2.17. Shot noise arises
from the quantization of charge carried by electrons in a DC current, and constitutes
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Figure 2.17: At frequencies f below the corner frequency fc, the noise power spectral density xi2
noisey is

dominated by the Flicker noise. For f ¡ fc, the sum of shot noise xi2
shoty and thermal noise xi2

thermaly
dominate xi2

noisey, which can be regarded as frequency independent white noise sources. In organic
photodiodes at V ¡ 0, xi2

shoty " xi2
thermaly. In practice, multiples of 50 Hz, that is mains supply frequency,

are often observed in the noise power spectral density, but can suppressed with electromagnetic shielding of
the device under test.

the major noise source in most semiconductor devices that are operated under a voltage
that is different to zero. The shot noise of a current density J is given by@

i2
shot

D � 2qJ∆f , (2.45)

where∆f is the frequencybandwidth.Note, that shot noise is temperature independent.
Thermal noise occurs in any semiconductor or semiconductor device and is caused by
thermalfluctuations,whichareanunavoidable sourceofnoise.Herein, thermalagitation
causestheoccupationofthedensityofstatestofluctuategivingrisetoequilibriumcurrent
fluctuations in the external circuit – also at V � 0. Thermal noise is calculated as@

i2
thermal

D � 4kT

RP
∆f , (2.46)

where the parallel resistance RP is given by

RP �
� dJ

dV

	�1

V�0
. (2.47)

For simplicity, it is often assumed that at frequencies above fc, the total noise is given by
the sum over shot and thermal noise,@

i2
noise,total

D � @
i2
shot

D � @
i2
thermal

D
. (2.48)

For photodiodes, it is important to look at contribution of shot noise and thermal at
reverse bias voltage and zero voltage, since those constitute the typical operational bias.
Assuming that charge injection can be neglected, the total dark current density is given
by the sum of shunt current density Jshunt (Jshunt � V {Rshunt) and the ideal Shockley
diode equation from Eq. 2.42 in the dark:

J � V

Rshunt
� J0,R

�
exp

�qV

kT

�
� 1

	
(2.49)
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J0,R is the dark saturation current density of an ideal diode exhibiting no voltage
dependence. First, shot noise of J from Eq. 2.49 is evaluated at V � 0 and V ! 0. At
V � 0, the net current density is zero (J � 0) and

@
i2
shot

D � 0. At V ! 0,@
i2
shot

D � 2qJ0∆f , because Jshunt does not show shot noise. To calculate the thermal
noise, RP is calculated for J from Eq. 2.49, resulting in

RP �
�

dJ

dV


�1

�
�

1
Rshunt

� q J0,R
kT

e
qV
kT .
��1 (2.50)

By replacing RP in Eq. 2.46 with the expression obtained in Eq. 2.50, the thermal noise
can be written as @

i2
thermal

D � 4kT

RP
∆f

�
�

4kT

Rshunt
� 4J0,Rq e

qV
kT

�
∆f

(2.51)

with @
i2
thermal

D � 4kT

Rshunt
∆f � 4J0,Rq∆f atV � 0

@
i2
thermal

D � 4kT

Rshunt
∆f atV ! 0.

(2.52)

For narrow-gap blends the contribution of 4J0,Rq∆f , arising from thermally activated
band-to-band recombination, is expected to gain importance105, since the overlap
integral between the EQE and black body radiation spectrum increases when
decreasing the bandgap.

2.3.4 Specific Detectivity and Noise Equivalent Power
The dominant figure of merit for a photodetector is the specific detectivity D� in units
of Jones (1 Jones = 1cm

?
Hz{W). D� is proportional to the square root of the area (A)

and the inverse of the noise equivalent power (NEP).

D� �
?

A ∆f

NEP (2.53)

The NEP describes a light power that produces a signal that is so small that it can no
longer be distinguished from the noise spectral densitymeasured in a bandwidth of 1 Hz.
The unit of NEP is thereforeW. Sometimes NEP is also given in units ofW{?Hz, which
makes ∆f redundant in Eq. 2.53. The NEP is obtained directly from extrapolating the
linear relationship between photocurrent response and light power down to the noise
current. Alternatively, D� can be obtained from R according to

D� � R
?

Aa
xi2

noisey
, (2.54)
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where it is assumed that R decreases linearly with optical power. As discussed in
Section 2.3.5, the relationship between photocurrent response and light power can
deviate from linearity in the presence of traps. In those system, D� is better inferred
from the NEP (see Eq. 2.53) rather than from R and the measured noise current.

Eq. 2.54 can be used to calculate a theoretical D� in the limit of different noise
sources. The upper D� limit is D�

BLIP, where BLIP stands for the background limited
infrared photodetector. In this case, the only source of noise is the shot noise of the
thermal radiation of the background due to the discrete nature of incident photons. To
find an expression for D�

BLIP for a photodetector with the bandgap Eg, one assumes an
ideal photoresponse, where

EQE �
#

0 if E   Eg

1 if E ¥ Eg.
(2.55)

In a real photodetector, the photoresponse is never step-like due to the energetic and
static disorder inducing sub-gap absorption as discussed in Section 2.1.5. In thermal
equilibrium, the absorption and emission of thermal radiation results in a dark current
J0,R. The photodiode is said to operate in the radiative limit as previously discussed in
Section 2.3.2. J0,R is the integral over the EQE and the temperature dependent black-
body radiation (see Eq. 2.40). For a step-like EQE, the analytic expression for J0,R reads

J0,R � 2πq

c2h3 E2
g kT e

�Eg
kT , (2.56)

where q is the elemental charge, c is the speed of light, h is the Planck constant, k is the
Boltzmann constant and T is the temperature. Next, assuming that only the shot noise
of J0,R (� 2qJ0,R∆f ,) contributes to the total noise current, D�

BLIP can be calculated
at any temperature T using the expression from R according to Equation 2.54 and J0,R
from Eq. 2.45.

D�
BLIP � R

?
Aa

2qJ0,R∆f
. (2.57)

2.3.5 Linear Dynamic Range

The linear dynamic range (LDR) is the range over which the responsivity R remains
constant for different light intensities. Here, the light intensity is described by the
physical quantity of irradiance (Ee) in units ofW{cm2. For imaging, a large LDR allows
differentiation over a wide range of brightness levels. The LDR is experimentally
obtained by stepwise attenuation of the light source and subsequent current readings
on a spectrum analyser or a lock-in amplifier. The LDR should be determined from the
double logarithmic plot of photocurrent (Iph) as a function of Ee as shown in Fig. 2.18.
A slope that equals 1 indicates a constant R. As shown in Fig. 2.18, the LDR extends
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from the deviation point at high irradiance (Ee,max) to the deviation point at low
irradiance (Ee,min). Consequently, the LDR is defined by

LDR � 20 log Ee,max
Ee,min

(2.58)

in units of decibel (dB). From the extrapolation of the LDR down to
a
xi2

noisey in units
of A{?Hz, the NEP is determined. Note that this definition of the LDR applies to
double logarithmic plot of Iph in function of Ee. For a plot of electrical power P

(P9I2
ph) in function of Ee, the LDR is defined as LDR � 10 log rEe,max{Ee,mins.

At high irradiance, the deviation from linearity is often caused by the onset of
bimolecular recombination (where recombination is quadratically proportional to the
carrier density) or the impact of high series resistance including non-ohmic
contacts.80,106,107 At low irradiance, a super-linear slope was previously observed due
to trap-limited gain.108,109 In Fig. 2.18, the black line indicates an ideal LDRwith slope
1, while the red line indicate a non-ideal LDR with a sub-linear slope in the high and a
super-linear slope low irradiance limit. Assuming a slope of 1 in the low irradiance limit
of the red curve would overestimate the NEP, while the true NEP should consider the
super-linear behaviour as shown with dashed lines in Fig. 2.18.

Figure 2.18: Schematic illustration of intensity dependent photocurrent measurements on a log-log plot
from which the linear dynamic range (LDR) and the noise equivalent power (NEP) are determined as
indicated. The black lines indicates a perfectly linear LDR with a slope of 1, i.e. a constant responsivity
R. Non-idealities include a super-linear slope at low irradiance due to traps as well as a sub-linear slope
at high intensities due to bimolecular recombination and series resistance. For photodiodes based on
photomultiplication, the slope is sometimes 0.5 as indicated by the green line, and a LDR is extracted
erroneously despite a non-constant R.
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Moreover, there are examples in literature, where the photocurrent is a non-linear
function throughout the whole intensity range, hence, the R changes with irradiance.
This is often observed for photodiodes based on photomultiplication, where the
photocurrent as a function of irradiance on a log-log scale describes a linear function
with a slope of 0.5110. Such an example is demonstrated in Fig. 2.18 by a green line. In
that case, the LDR is non-existent. For the two cases of non-ideal LDR demonstrated in
Fig. 2.18 an estimate of D� from the R derived Eq. 2.54 would result in a wrong value.
The better way of obtaining D� is to measure the LDR for different light intensities –
including the low intensity regime above the noise floor – and then infer the NEP from
the extrapolation of the LDR down to

a
xi2

noisey.

2.3.6 Photodetector Speed

The speed of a photodetector is usually given as the frequency atwhich the output power
has decreased by half its maximum value, hence decreased by �3 dB. The so-called
�3 dB cut-off frequency (f�3dB) can be directly estimated from the Bode plot that is
obtained with the help of a lock-in amplifier or a network analyser showing the output
power of the photodiode as a function of frequency. Another experimental method is to
measure the transient photocurrent. In thismethod, the photodetector is illuminated by
a short light pulse and the photocurrent response in function of time ismeasuredwith an
oscilloscope. From the Fourier Transform of the transient photocurrent signal, a Bode
plot can be calculated and f�3dB can be estimated.

Depending on the application, different photodetectors speeds are required ranging
from roughly 100 Hz for imaging applications up to the sub-GHz regime for optical
telecommunication.Organicphotodiodes routinely reacharesponse speedofkHzregime
(except for photodiodes based on trap-induced photomultiplcation) and can reach all
the way to 420 MHz in the visible.111 Several bandwidth limiting processes are known –
each associated with an individual time constant. Typical processes include: (i) transit
or drift of charge carriers under an applied electric field; (ii) diffusion of excitons; (iii)
trapping and detrapping of charge carriers at interfaces or defects and (iv) capacitive
charging and discharging.

Diffusion is a slow process and should be eliminated if possible. In literature on bulk
heterojunction, it was shown that the diffusion process of excitons is fast enough such
that it will not limit the bandwidth.112 However, in bilayers, where the donor:acceptor
interfacearea is reduced to the junction interface, excitonsneed to travel longerdistances
in order to separate and, hence, the photodetector speed becomes diffusion limited.113

Trapping and detrapping times are especially important at low irradiances in the
nW{cm2 regime, when the majority of photogenerated carriers are required to fill the
traps. Consequently, the capture and emission rates of those carriers limit the charge
extraction and hence reduce the frequency bandwidth.114 In organic photodiodes based
on trap-assistedphotomultiplication, the frequencybandwidth is typicallybelow100 Hz
even for higher light intensities due to the slow trap dynamics that are a prerequisite for
photogeneration in this type of devices.110,115
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Most often, the bandwidth of an organic photodetectors is either transit limited or
RC limited,whereR is the load resistance andC is the capacitance of the photodetector.
Usingadielectric constantof ε � 3 todescribe anorganic semiconductor, theRC limited
bandwidth of the photodetector can be estimated from

fRC � 1
2πRC � d

2πRLεε0A
(2.59)

to be roughly 6 MHz. RL is the standard load impedance of 50 Ω (as for the network
analyser or oscilloscope), d is the layer thickness of around 200 nm, A the photoactive
area of 4 mm2 and the dielectric constant of vacuum is 8.85� 10�14 F{cm. Note that the
capacitanceC is given byC � εεA{d. TheRC limited bandwidth increases linearlywith
the layer thickness d due to a decrease in C. Moreover, the RC time constant τ is often
mentioned in literature, which is related to the RC limited bandwidth via

fRC � 1
2πRC � 1

2πτ
. (2.60)

The transit limited bandwidth ftr is inversely proportional to d, since an increase in layer
thickness leads to a longer transit time ttr via

ttr � d2

µV
, (2.61)

where µ is the carrier mobility. ttr decreases with increasing reverse bias voltage, which
is why high-speed photodetectors are typically operated below�0.5 V applied voltage.
The carrier transit time limited bandwidth ftr is given by

ftr � 0.35
ttr

. (2.62)

The experimental frequency response, characterized by f�3dB, is limited by the slowest
process, which can be estimated from

f�3dB �
d

1
1{f2

tr � 1{f2
RC

. (2.63)

Note that reducing the organic layer thickness increases ftr, but it also makes the
photodetector more prone to RC limitations due to the direct proportionality between
fRC and d (see Eq. 2.59). For a device with a typical active layer thickness of 100 nm to
300 nm, RC limitations can be overcome by lowering the device area. In that case, the
transit times of the slower carrier (either electrons or holes in acceptor and donor phase,
respectively) will limit the device bandwidth. A common strategy to increase the
bandwidth is to use high mobility D:A blends with balanced electron and holes
mobilities. In thick junctions devices, the optical field maximum is located much closer
to the transparent top contact than the reflective bottom contact. In that case, the
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carriers, that have to travel the longer distance to the reflective bottom contact for
extraction, will limit the bandwidth irrespective of being the slower or faster species.116

41



2.4 Organic Near-infrared Photodiodes

2.4 Organic Near-infrared Photodiodes

In the field of light detection, there exists a variety of absorber materials and photon-
to-electron conversion mechanisms. In this chapter, typical photosensing mechanisms
used in organic photodiodes are discussed – in particular for energies in the sub-gap
range, where the sub-gap states and interference effects play an important role. To
this end, the design of the device stack is discussed and how it determines the optical
response window, the operational speed and the dark current. Challenges associated
with the different device types are shown and comparisons to inorganic photodetectors
are drawn.

2.4.1 Organic Semiconductors for Photodetection
Photodiodes are often characterized by the position and the width of the optical
response window within the electromagnetic spectrum. This operational window is
both a function of the absorption coefficient of the photoactive material and the overall
device architecture. Organic semiconductors are seen as particularly promising for the
near-infrared (NIR) spectral range between 750 nm to 1700 nm. Notable fields of
applications include optical telecommunication (1300 nm to 1550 nm), light detection
and ranging (LIDAR) control systems for automotive imaging (905 nm and 1550 nm)
and spectroscopy, e.g. for water with characteristic absorption peaks at 960 nm and
1460 nm. For the aforementioned applications, narrowband photoresponse is required,
which poses additional complexity on design and function.

Organic semiconductors typically show a strong absorption coefficient and a
tunable bandgap by means of chemical structure modifications. As discussed in
Section 2.1, a common strategy to achieve a redshift of the photoresponse is to increase
the conjugation length of the π-system and to add electron-donating groups to decrease
the HOMO-LUMO bandgap. Doing so, optical bandgaps up to 1500 nm were
previously demonstrated.6,117–119 Besides the tunable photoresponse, organic
semiconductors can be incorporated into flexible form factor geometries, promise
extremely low cost and low embodied energy manufacturing from earth abundant
materials. This is particularly important for use in low-cost photodetectors produced
en masse such as wearable devices.

The material properties of organic semiconductors can be viewed as complimentary
to the conventional inorganic semiconductors: The ubiquitous silicon (Si) photodiodes
show a weak broadband absorption up to 1100 nm, which is not suitable for the NIR.
Conventional lower bandgap semiconductors, such as indium gallium arsenide,
mercury cadmium telluride or lead sulphide, deliver excellent device performances in
the NIR, but typically contain rare or toxic materials and are costly given their
increased device complexity. For imaging purposes, conventional sensors have a limited
resolution, related to the fact that the photoactive layer is mounted via wire-bonded
electrical connections onto the silicon read-out integrated circuitry (ROIC).120 This
limits the smallest pixel pitch to approximately 10 µm since a very precise alignment
between the ROIC and the active layer is required. To allow downscaling of the pixel
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size, an ongoing endeavour focuses on directly growing photoactive layers on the ROIC.
However, device breakdown upon temperature fluctuations is often observed due to the
difference in thermal expansion coefficients between the active layer and the ROIC or
the electrical interconnects.121 Wavelength selectivity in conventional narrowgap
semiconductors is typically achieved by addition of optical filters and dichroic prisms,
which increases device complexity and poses extra limits on the spatial resolution.122

Using submicron thick, strongly absorbing organic semiconductors, it is possible to
decrease the pixel pitch to the diffraction limit of NIR light of a couple of microns123 via
monolithic integration.7 Solution processing, combined with the fact that organic
semiconductors are less brittle and more resistant to internal thermal stress, enables
deposition of organic active layers directly on the ROIC, thereby very much simplifying
device fabrication and lowering costs. Using the naturally small bandwidth of some
organic semiconductors, or electro-optical device concepts such as charge collection
narrowing (CCN) or micro-cavities, narrowband gap photodetection can be achieved
with organic semiconductors without the need of additional optical filters. In the
following, the device architecture of conventional bulk heterojunction type organic
photodiodes will be discussed, followed by the concepts of CCN, micro-cavities and
finally photomultiplication, which has shown promising results in literature for
achieving high specific detectivities in the VIS and NIR.

2.4.2 Bulk Heterojunction Organic Photodiodes

In the past decade, advances in the field of organic solar cells have strongly benefited
the field of organic photodiodes. This includes the development of organic
semiconductors with high absorption coefficients and charge carrier mobilities, as well
as their processing conditions leading up to the bulk heterojunction (BHJ), which
comprises the active layer of the modern organic solar cells and photodiodes with
record efficiencies. In organic photodiodes, with a simple device architecture
resembling that of organic solar cells, the BHJ is sandwiched between charge selective
transport layers, and a top and a bottom contact in a vertically stacked device
architecture. A schematic representation of an organic photodiode with a solar cell type
device architecture is shown in Fig. 2.19a. In early stages, planar junctions, similar to
the inorganic pn-junctions, were fabricated using organic semiconductors. However,
the short exciton diffusion length in organic semiconductors decreased the maximum
achievable internal quantum efficiency, which is why the planar junction was later
abandoned for the BHJ for reasons discussed in Section 2.2.2. During device
fabrication, a BHJ is formed on top of the charge transport layer either by spin-coating
D and A from a single solution or via co-evaporation (small molecules; not solution
processable) in a vacuum chamber. An ongoing endeavour is to find the right processing
conditions for emerging non-fullerene acceptor blends to form a BHJ morphology that
promotes efficient charge generation and charge extraction. Given that non-fullerene
acceptors are small molecules, it was shown that they tend to form larger crystalline
domains124,125 than previously observed in fullerene blends, which is expected to
increase the exciton diffusion length. In efficient solution-processed organic
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photodetectors, additives such as diiodooctane (DIO) are used to promote the
formation of a more favourable BHJ morphology.126 The charge selective transport
layers adjacent to the photoactive layer comprise an electron transport layer (ETL)
and hole transport layer (HTL) with characteristic thicknesses below 30 nm. ETL and
HTL prevent the hole and electron extraction at the wrong contact, respectively.
Typical ETLs are BCP(1), ZnO(2) and BPhen(3), while typical HTLs are
PEDOT:PSS(4) and MoO3

(5). In vacuum-processed organic photodiodes, thicker
transport layer are routinely evaporated such as neat C60 with thicknesses up to
100 nm, which acts as an efficient ETL decreasing the dark current. Moreover, doped
transport layers are often used to adjust the energy barriers at the contacts and to
reduce ohmic losses through increased conductivity. Doping in organic semiconductors
can be achieved by co-evaporation of small quantities of molecules with either a low
ionization potential acting as n-dopants or molecules with strong electron affinity
acting as p-dopants. Finally, the photodiode requires two metal contacts for charge
extraction of which one contact has to be at least semitransparent for the light to enter
the device. As transparent contact, ITO(6) on glass is used almost exclusively in organic
semiconductors, while the other contact is typically either silver or aluminium.

A conventional solar cell type architecture with an active layer thickness of around
100 nm delivers a broadband response primarily in the visible (VIS) as schematically
shown in the EQE spectrum in Fig. 2.19b. As discussed in Section 2.1, there is sub-gap
absorption which results in a low-energy shoulder to the EQE, but can have different
spectral lineshapes depending on the absorption of sub-gap states and optical
interference effects. Using this type of photovoltaic device architecture, specific
detectivities of D� have been demonstrated between 1012 to 1013 Jones, which is
comparable to the D� of the silicon pn-type photodiode.127,128 By decreasing the
bandgap of the organic semiconductor, the broadband absorption can be redshifted up
to 1500 nm. However, for wavelengths above 1400 nm, D� is typically limited to below
1010 Jones due to a lack of suitable absorber materials.6,117–119

(1)bathocuproine
(2)zinc oxide
(3)4,7-diphenyl-1,10-phenanthroline
(4)poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(5)molybdenum trioxide
(6)indium tin oxide
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Figure 2.19: a Schematic illustration of an organic photodiode with a solar cell like device architecture.
The photodiode comprises a vertical stack of indium tin oxide (ITO) as the top contact, a hole transport
layer (HTL), a bulk heterojunction (BHJ) active layer, an electron transport layer (ETL) and a bottom
metal contact. b The photoresponse of the photodiode can be described by the external quantum efficiency
(EQE) spectrum for which EQE ¤ 1. On the logarithmic scale a sub-gap EQE contribution can often be
observed comprising charge transfer absorption and/or trap state absorption.

2.4.3 Organic Photodetectors with Charge Collection
Narrowing

For applications such as imaging or spectroscopy, wavelength-selective photodetection
or color discrimination is required. One important concept to achieve a narrowband
photoresponse is charge collection narrowing (CCN). In literature, a tunable
photoresponse window with full width at half maximum (FWHM) of around 90 nm was
demonstrated at 940 nm with a D� of 5 � 1012 Jones at �1 V.129 The device
architecture is similar to a solar cell type photodiode, but it comprises a thick BHJ
(� 2 µm) as the active layer and an additional ETL of thermally evaporated C60. A
schematic representation of the device architecture is shown in Fig. 2.20a. According to
the Lambert-Beer law discussed in Section 2.1, the transmission of a thin-film with the
thickness d decays exponentially with exprαpλqds, where αpλq is the wavelength
dependent absorption coefficient of the active layer. Upon illumination, short
wavelength photons, for which high α is typically high in organic semiconductors, are
absorbed close to the transparent ITO contact in the photoactive layer and result in
surface generation of charge carriers with high recombination losses. Long wavelength
photons, for which α is typically lower in organic semiconductors, can penetrate deeper
into the active layer resulting in more homogeneous photogeneration with less
recombination. As a result, only electrons generated from long wavelength photons will
be collected efficiently due to the shorter transit times. The thickness of the
photoactive layer is adjusted such that charge collection is only efficient for photons
with energies just above the bandgap. Since photon absorption below the bandgap
decreases exponentially with energy, a narrowband response arises that is centred
around the absorption onset as shown in Fig. 2.20b. By tuning the active layer
thickness with respect to the bandgap of the BHJ, narrowband red, green, and blue
photodetectors were realized without the use of external colour filters. Moreover,
response speeds in the sub-MHz regime have been demonstrated, which were limited by
the slowest carrier transit time in the thick junction.116
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Figure 2.20: a Schematic illustration of an organic photodiode with charge collection narrowing (CCN).
The photodiode comprises a vertical stack of indium tin oxide (ITO) as the top contact, a hole transport
layer (HTL), a bulk heterojunction (BHJ) active layer (micron thick), an electron transport layer (ETL) and
a bottom metal contact. b The photoresponse of a CCN type photodiode is a narrow band (FWHM between
50 nm to 100 nm)129,130 centered around the EQE onset of an equivalent photovoltaic type photodiode with
a thin active layer (� 100 nm).

2.4.4 Micro-cavity Enhanced Organic Photodetectors

Another method to achieve narrowband photodetection with FWHM of 50 nm and
below16 is to employ an optical micro-cavity. The main difference to a photodiode with
a solar cell like device architecture presented earlier is an additional semitransparent
top contact. The incoming light is partially trapped in between the electrodes resulting
in optical interference with an electric field maximum at the so-called resonance
wavelength. The resonance wavelength and peak intensity depend on the absorption
coefficient and the effective cavity thickness as described in Section 2.1. For an efficient
optical micro-cavity, the electric field maximum at the resonance wavelength has to be
located within the photoactive layer. This is achieved by either using optical spacers14
as indicated in Fig. 2.21a, which are ideally both charge selective as well as transparent
to the resonance wavelength, or through tuning the active layer thickness131. This
optimization of thickness and optical constants of each layer requires optical
transfer-matrix simulations. Moreover, the absorption coefficient at the resonance
wavelength should be relatively low (�103 cm�1) for a high quality optical cavity to
achieve amplification at the resonance wavelength. For that reason, optical cavities
have proven particularly successful in combination with weak CT state absorption. In
this regard, cavity enhanced photodetectors with a maximum D� of around 1013 Jones
at 910 nm and 0 V were demonstrated, as well as the most red-shifted narrowband
photodiode at 1680 nm with D� of around 108 Jones at 0 V.131 The advantages of this
method in comparison to the earlier presented CCN method are faster response time,
as the active layer can be relatively thin (  500 nm). In vacuum-processed
cavity-enhanced photodiodes, a thin active layer (�25 nm) and doped interlayers are
used as optical spacers enabling fast charge collection for a response speeds up to
68 MHz.132. In a solution-processed cavity-enhanced photodiodes, response speeds of
around 1 MHz for a narrowband photodiode with an active layer thickness of 440 nm
operating at 910 nm were demonstrated.131
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Figure 2.21: a Schematic illustration of a micro-cavity enhanced organic photodiode. The micro-cavity
comprises a semitransparent top electrode, a hole transport layer (HTL), a bulk heterojunction (BHJ) active
layer, an electron transport layer (ETL) and a fully reflective bottom contact. The HTL and ETL also act as
optical spacers controlling the spatial distribution of the optical field. b The ideal photoresponse of a cavity-
enhanced NIR photodetector is an ultra-narrow Lorenztian shaped resonance peak with FWHM   30 nm in
the spectral range of charge transfer absorption.

Asadisadvantage, the respectivedevicesoftencomprisea significantabove-gapEQE
contribution, which requires the use of external filters. Moreover, optical micro-cavities
can be difficult to design and to fabricate due to the thin metal layer on top, additional
interlayers and the optical simulations required. Moreover, the above-gap α of most
organic semiconductors is too high to be used in efficient cavity-enhanced photodiodes.

2.4.5 Organic Photodetectors with Photomultiplication

Another literature reported working principle of organic photodetectors is
trap-assisted photomultiplication. Similar to established inorganic devices, such as
photomultier tubes and avalanche photodiodes, in photomultication type
photodetectors, one photon can result in multiple electrons, hence EQE>1. To do so,
nanoparticles (such as cadium telluride or zinc oxide) are blended into a BHJ matrix10
as illustrated in Fig. 2.22a or an interfacial layer133,134 is introduced. Bothmethods will
create traps for one type of charge carrier. Upon illumination, the photogenerated
carriers of one type are trapped close to the contact, hence accumulated, and the
electrical field of those carriers causes band bending at the contact enabling carriers
with the opposite charge to be injected via tunnelling across the injection barrier under
applied reverse bias. The EQE increases with applied reverse bias as indicated in
Fig. 2.22b on a logarithmic scale reaching to a maximum reported value of around
74000% for voltages as high as�20 V at 600 nm.135 In this same study, the dark current
increases strongly with applied reverse bias to�0.01 A{cm2. As a consequence, despite
the high EQE, D� reaches only modest values of 2� 1012 Jones. Some other studies
seem to combine an extremely high EQE with a low dark current reaching D� up to
1014 Jones,130,136, however, there is clearly a trade-off between the EQE and dark
current that needs further clarification.115 A clear disadvantage of photomultiplication
type photodiodes is the limited response speed of below 1 kHz133 due to the slow trap
dynamics. Moreover, non-linearities of the responsivity are often observed at low light
intensities for systems with high trap densities.
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Figure 2.22: a Schematic illustration of a possible photodiode device architecture using trap-assisted
photomultiplication. The photodiode comprises a transparent top electrode, a hole transport layer (HTL),
a bulk heterojunction (BHJ) active layer with added nanoparticles (white spheres) creating charge selective
trap state, an electron transport layer (ETL) and a fully reflective bottom contact. b For a device architecture
as shown in (a), a broadband photoresponse in the VIS spectral range is expected. By applying large reverse
bias, the EQE can be increased by multiple orders of magnitude. However, this often increases the dark
current to a similar extent.
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Chapter 3
Experimental Methods

This chapter introduces the main experimental methods used in the research
presented in this thesis. At the beginning, all organic materials are listed as well as
their processing conditions used in the course of this thesis. Next, the fabrication of
organic solar cells and photodetectors is explained including partially
solution-processed and fully thermally evaporated devices. Finally, the different
electrical and optical characterization methods for organic solar cells and
photodiodes are explained.
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3.1 Materials

Table 3.1 to 3.3 show the materials used in the work described in this thesis, including
their full chemical name and supplier. Electron-donating (donors) polymers and small
molecules are shown in Table 3.1. Electron-accepting molecules (fullerenes and non-
fullerene acceptors) are shown in Table 3.2. Materials used as either hole or electron
transport layer from solution processing are shown in Table 3.3.

Material Full Name Supplier
PTTBAI poly[(thieno[3,2-b]thiophene)-alt-(7,14-bis(4-(2-

octyldodecyl)thiophen-2-yl)diindolo[3,2,1-de:3’,2’,1’-
ij][1,5]naphthyridine-6,13-dione)]

Hasselt
University

PBTQ(OD) poly[(thiophene)-alt-(6,7-bis(5-(2-hexyldecyl)thiophen-2-yl)-
4,9-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline)]

Hasselt
University

PTTQ(HD) poly[(benzene)-alt-(6,7-bis(5-(2-octyldodecyl)thiophen-2-yl)-
4,9-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline)]

Hasselt
University

PTTQn(HD) 4,9-dibromo-6,7-bis(5-(2-hexyldecyl)thiophen-2-yl)-[1,2,5]
thiadiazolo[3,4-g]quinoxaline

Hasselt
University

D1* 2,2’,6,6’-tetraphenyl-4,4’-bipyranylidene IAPP :

D2* 2,2’,6,6’-tetra-p-tolyl-4,4’-bipyranylidene IAPP :

D3* 2,2’,6,6’-tetrathienyl-4,4’-bipyranylidene IAPP :

D4* 2,2’,6,6’-tetra-(2-methylthienyl)-4,4’-bipyranylidene IAPP :

D5* 2,2’,6,6’-tetraphenyl-4,4’-bithiopyranylidene IAPP :

D6* 2,2’,6,6’-tetra-p-tolyl-4,4’-bithiopyranylidene IAPP :

D7* 2,2’,6,6’-tetrathienyl-4,4’-bithiopyranylidene IAPP :

D8* 2,2’,6,6’-tetra-(2-methylthienyl)-4,4’-bithiopyranylidene IAPP :

PCDTBT Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)]

Sigma-Aldrich
& Ossila

BQR benzodithiophene-quaterthiophene-rhodanine University of
Melbourne

PM6 poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-
5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-
dione)])

Zhi-yan
(Nanjing)
Inc

m-MTDATA 4,4’,4”-tris[(3-methylphenyl)phenylamino]triphenylamine) Ossila
PBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-

b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-
ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]

Zhi-yan
(Nanjing)
Inc.

PTB7-Th poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]

Zhi-yan
(Nanjing)
Inc.

EH-IDTBR 5,5’-[[4,4,9,9- tetrakis(2- ethylhexyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b’]dithiophene-2,7-diyl]bis(2,1,3-benzothiadiazole-7,4-
diylmethylidyne)]bis[3-ethyl-2-thioxo-4-thiazolidinone]

Solarmer
(Beijing)

PBTTT poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] Sigma-Aldrich

Table 3.1: Donor materials used throughout the work described in this thesis. * Small molecules deposited
from vacuum. : Dresden Integrated Center for Applied Physics and Photonic Materials.
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Material Full Name Supplier
PC70BM [6,6]-phenyl-C71-butyric acid methyl ester Sigma-Aldrich
C60 buckminsterfullerene CreaPhys
ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene

Zhi-yan
(Nanjing)
Inc

IT-4F 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene

Zhi-yan
(Nanjing)
Inc

Y6 2,2’-((2Z,2’Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e]thieno[2”,3”:4’,5’]thieno[2’,3’:4,5]pyrrolo[3,2-
g]thieno[2’,3’:4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile

Zhi-yan
(Nanjing)
Inc

Table 3.2: Acceptor Materials used throughout the work described in this thesis.

Material Full Name Supplier
PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate Heraeus
ZnO Precursor for ZnO: zinc acetate dihydrate Sigma Aldrich
PEIE Polyethylenimine ethoxylated Sigma Aldrich
BPhen 4,7-diphenyl-1,10-phenanthroline Lumtex

Table 3.3: Solution processed hole and electron transport materials used throughout the work described
in this thesis.

3.2 Device Fabrication

3.2.1 Solution Processed Devices
Commercial ITO coated glass substrates from Ossila (100 nm ITO, sheet resistivity
20 Ω{2) were used for the studies conducted in this thesis. Figure 3.1a shows a bare
ITO coated glass substrate as purchased from Ossila and Figure 3.1b illustrates an
example of a organic solar cell (without encapsulation glass on top). Each substrate is
designed to contain eight pixels (also called “devices”) with an active area of 0.04 cm2

each, as illustrated in Figure 3.1c. Prior to the deposition of the organic layers, the bare
ITO substrates were cleaned in an aqueous solution of Alconox at 60 °C, followed by an
ultrasonic bath in deionize water, acetone and isopropanol. The cleaned substrates
were dried with nitrogen, followed by a UV/O3 treatment (Ossila, L2002A2-UK).

Solar cells were fabricated with either a conventional architecture
ITO/PEDOT:PSS/active layer/Ca/Al or inverted architecture ITO/ZnO/active
layer/MoO3/Ag. For the conventional device architecture, a 30 nm-thick layer of
PEDOT:PSS was spin-coated at 6000 rpm for 30 s onto precleaned ITO substrates and
annealed at 155 °C for 15 min. For the inverted device architecture, a solution of 200 mg
of zinc acetate dihydrate in 2-methoxyethanol (2 ml) and ethanolamine (56 µl) was
prepared and stirred overnight under ambient conditions. 30 nm of ZnO thin film
formed upon spin-coating the solution at 4000 rpm onto the precleaned ITO substrates
followed by thermal annealing at 200 °C for 60 min. The active layer was deposited on
top of PEDOT:PSS or ZnO via solution processing as described in Table 3.4 under
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nitrogen atmosphere (<1 ppm O2 and H2O) in the LC150 Glovebox (LC Technology
Solutions Inc). In the next step, the substrates were transferred into the glove box with
an integrated evaporator (Kurt J. Lesker NANO 36™). For the conventional device
architecture, 20 nm of calcium (Ca) and 100 nm of Aluminium (Al) were thermally
evaporated at around 10�6 mbar pressure. For the inverted device architecture, 7 nm of
MoO3 and 100 nm of Ag were thermally evaporated at a similar pressure.

a b c

Figure 3.1: a Image of a bare ITO coated glass substrate from Ossila. b Image of a solution processed
organic solar cell build on top of the ITO substrate from (a). c Sketch of the organic solar cell with a single
device (one pixel) marked in yellow with a total number of eight devices. The device area of 0.04 cm2 is
defined by the geometrical overlap of the top metal electrode (Ag or Al, marked in grey) the active layer
(marked in blue) and the bottom ITO contact (marked in light blue).
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Device
Architecture

Active Layer Processing Conditions Chap-
ter

ITO/PEDOT:PSS/
BQR:PC70BM
/Ca/Al

BQR and PC70BM were dissolved in toluene (24 mg/ml) with a
donor:acceptor mass ratio of 1:1 and stirred at 60 °C for 3 hours.

6 (:)

ITO/ZnO/m-
MTDATA:PC70BM
/MoO3/Ag

Equimolar solutions of PC70BM and m-MTDATA in
dichloromethane (DCM) with a concentration of 19.4 mmol{mg
were prepared. To obtain a series of solutions with different
molar ratios of m-MTDATA to PC70BM (5 mol% , 1 mol% ,
0.1 mol% and 0 mol% ), 50 µL, 10 µL, 1 µL and 0 µL of m-
MTDATA in DCM were added to 1 ml of PC70BM in DCM.
The solutions were spin-coated at a spin rate of 800 rpm to get
an active layer thickness of around 90 nm.

6 (:)

ITO/ZnO/PM6:Y6
/MoO3/Ag

PM6:Y6 was dissolved in CF solution (14 mg{ml with 0.5 vol.%
CN) with a D:A ratio of 1:1.2. The solution was spin-coated
(3000 rpm) on ZnO and thermally annealed at 110 °C for 10 min
to form a 100 nm thick film.

6 (*)

ITO/ZnO/
PM6:ITIC
/MoO3/Ag

PM6:ITIC was dissolved in CB solution (18 mg{ml) with 0.5
vol.% DIO) with a D:A ratio of 1:1, and spin-coated (1000 rpm)
on ZnO to form a 100 nm thick film. The active layers were
further treated with thermal annealing at 100 °C for 10 min.

6 (*)

ITO/ZnO/
PBDB-T:EH-
IDTBR/MoO3/Ag

PBDB-T:EH-IDTBR was dissolved in CB solution (14 mg{ml)
with a donor:acceptor ratio of 1:1, and spin-coated (800 rpm)
on ZnO to form a 100 nm thick film.

6 (*)

ITO/ZnO/PBDB-
T:ITIC /MoO3/Ag

PBDB-T:ITIC was dissolved in CB solution (14 mg{ml with 0.5
vol.% DIO) with a donor:acceptor ratio of 1:1, and spin-coated
(800 rpm) on ZnO to form a 100 nm thick film. The active layers
were further treated with thermal annealing at 100 °C for 10 min.

6 (*)

ITO/ZnO/PTB7-
Th:ITIC
/MoO3/Ag

PTB7-Th:ITIC was dissolved in CB solution (14 mg{ml with 1
vol.% DIO) with a donor:acceptor ratio of 1:1.4, and spin-coated
(1000 rpm) on ZnO to form a 100 nm thick film.

6 (*)

ITO/ZnO/PBDB-
T:IT-4F
/MoO3/Ag

PBDB-T:IT-4F was dissolved in CB solution (14 mg{ml with 0.5
vol.% DIO) with a donor:acceptor ratio of 1:1, and spin-coated
(800 rpm) on ZnO to form a 100 nm thick film. The active layers
were further treated with thermal annealing at 100 °C for 10 min.

6 (*)

ITO/ZnO/PBDB-
T:PC70BM
/MoO3/Ag

PBDB-T:PC70BM was dissolved in CB solution (14 mg{ml with
3 vol.% DIO) with a donor:acceptor ratio of 1:1.4, and spin-
coated (1000 rpm) on ZnO to form a 100 nm thick film.

6 (*)

ITO/ZnO/
ITIC/MoO3/Ag

ITIC was dissolved in chloroform solution (10 mg{ml) and spin-
coated on ZnO (2000 rpm) to form a 70 nm thick film.

6 (*)

Table 3.4: Device fabrication process, reference to the chapter in which the relevant device results are
described. * Devices were fabricated by Dr. Wei Li. : Devices were fabricated by Dr. Nasim Zarrabi.

53



3.2 Solution Processed Devices

Device
Architecture

Active Layer Processing Conditions Chapter

ITO/ZnO/IT-4F
/MoO3/Ag

IT-4F was dissolved in chloroform solution (10 mg{ml) and
spin-coated on ZnO (2000 rpm) to form a 70 nm thick film.

6 (§)

ITO/ZnO/PBDB-
T /MoO3/Ag

PBDB-T was dissolved in chloroform solution (10 mg{ml)
and spin-coated on ZnO (3000 rpm) to form a 70 nm thick
film

6 (§)

ITO/ZnO/Y6
/MoO3/Ag

Y6 was dissolved in chloroform solution (16 mg{ml) and
spin-coated on ZnO (3000 rpm) to form a 700 nm thick film.

6 (§)

ITO/ZnO/PEIE*
/PTTBAI:PC70BM
/MoO3/Ag

A solution of PTTBAI and PC70BM (ratio 1:3, 64 mg{ml)
was prepared in o-dichlorobenzene and stirred overnight at
60 °C. Upon addition of 7 vol.% of DIO, the solution was
spin-coated (1500 rpm for 250 nm, 800 rpm for 450 nm). The
active layer was left to dry overnight before metal deposition.

7&8 (:)

ITO/ZnO/PEIE*
/PBTQ(OD)
:PC70BM/
MoO3/Ag

A solution of PBTQ(OD) and PC70BM (ratio 1:3, 48 mg{ml)
was prepared in o-dichlorobenzene and stirred overnight at
60 °C. Upon addition of 3 vol.% of DIO, the solution was
spin-coated (1100 rpm for 140 nm, 700 rpm for 410 nm). The
active layer was left to dry overnight before metal deposition.

7&8 (:)

ITO/ZnO/PEIE*
/PTTQ(HD)
:PC70BM/
MoO3/Ag

A solution of PTTQ(HD) and PC70BM (ratio 1:3, 32 mg{ml)
was prepared in chloroform and stirred overnight at 60 °C.
Upon addition of 3 vol.% of DIO, the solution was spin-
coated (700 rpm for 250 nm). The active layer was left to
dry overnight before metal deposition.

7&8 (:)

ITO/ZnO/PEIE*
/PTTQn(HD)
:PC70BM/
MoO3/Ag

A solution of PTTQn(HD) and PC70BM (ratio 1:3,
40 mg{ml) was prepared in o-dichlorobenzene and stirred
overnight at 60 °C. Upon addition of 3 vol.% of DIO, the
solution was spin-coated (700 rpm for 130 nm, 500 rpm for
310 nm). The active layer was left to dry overnight before
metal deposition.

7&8 (:)

ITO/ZnO/
PBTTT:PC70BM
/MoO3/Ag

PBTTT and PC70BM were mixed in a weight ratio of 1:4
and dissolved in chloroform:1,2-dichlorobenzene (6:4 volume
ratio). The solution was stirred overnight, filtered through
a 0.2 µm PTFE filter in the cold and spin-coated at 65 °C
for 60 s. For film thicknesses between 100 and 200 nm, the
concentration of the solution was chosen to be 32 mg{ml
and the spin speed was varied between 1000 and 3000 rpm.
For layer thicknesses below 100 nm, the same solution was
diluted to 20 mg{ml and the spin speed varied between 1000
and 1500 rpm.

4

ITO/ZnO/PBDB-
T:PC70BM
/MoO3/Ag

PBDB-T and ITIC were mixed in a weight ratio of 1:1
and dissolved in chlorobenzene at 50 °C overnight to form a
20 mg{ml solution. 0.5 vol.% of DIO was added prior to spin-
coating, while keeping the solution at 50 °C throughout the
deposition process. Film thicknesses between 60 and 375 nm
were obtained by varying the spin speed between 400 and
2700 rpm and subsequent thermal annealing at 160 °C for
10 min.

4

Table 3.5: Device fabrication process and reference to the chapter in which the relevant device results
are described. *PEIE interlayers were spin-coated from a solution of PEIE (0.1 ml, 35-40 wt% PEIE in
H2O, Merck) in isopropanol (35 ml). § Devices were fabricated by Dr. Wei Li. : Devices were fabricated by
Dr. Sam Gielen.
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3.2.2 Thermally Evaporated Devices

The solar cells and photodetectors presented in Chapter 5 are were fabricated in a
commercial evaporation tool (Kurt J. Lesker company) under typical pressures of
p � 10�9 to 10�7 mbar.(1) The solar cells had the device architecture: ITO (90
nm)/MoO3 (2 nm)/active layer (50 nm)/BPhen (8 nm)/Al (100 nm). The active layer
comprised a blend of around 5 weight%donor (D) diluted in the acceptor C60. The
donors used for this worked were small molecules from the bipyranylidene family as
listed in Table 3.1. This dilution was achieved by thermal co-evaporation of D and C60.
To compare with the solar cell architecture, a series of narrowband photodetectors with
the same active layers was fabricated comprising a fully reflective top Ag contact
(100 nm) and semitransparent bottom Ag contact (25 nm). The device layout is
sketched in Figure 3.2. The transport layers were varied in thickness to tune the cavity
resonance, plus, interlayers were employed for an improved contact and to reduce the
dark current. Layer sequences and thicknesses of the photodetectors are documented in
Appendix A.1. To avoid exposure to ambient conditions, the organic part of the device
was covered by a small glass substrate that is glued on top.

a b

Figure 3.2: a Image of a thermally evaporated photodetector fabricated with a semitransparent bottom
electrode, a fully reflective top electrode and encapsulation glass glued on top. b Sketch of layout of the
photodetector from (a). One of four devices (or pixels) with an active area of 6.44 mm2 is marked in yellow.

3.3 Spectroscopic Ellipsometry

The optical constants and film thicknesses of spin-coated films were determined
experimentally by spectroscopic ellipsometry using the J.A. Woollam M-2000
ellipsometer in the wavelength range from 370 to 1700 nm. The samples comprised a
single layer of material spin-coated from solution on either quartz glass or silicon
substrates of with typical film thickesses between 100 and 300 nm. In the experiment,
linearly polarized light is directed onto the sample at typically three angles (65°, 70°
and 75°) in three subsequent measurements. The light beam reflected off the sample
changes its polarization state to elliptical, which can be expressed by the complex
reflectance ρ defining the ratio between the reflectance coefficient rp (electric field

(1)at the Dresden Integrated Center for Applied Physics and Photonic Materials with the project
being led by Dr. Bernhard Siegmund and Dr. Johannes Benduhn
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3.4 Light Current-Voltage Characterization

amplitude oriented parallel to the plane of incident) and the reflectance coefficient rs
(electric field amplitude oriented in perpendicular to the plane of incident).

ρ � rp
rs
� tanpΨq e�i∆. (3.1)

An alternative way to describe the relative change in polarization state is to use tanpΨq
as the ratio of the s- and p-polarized field amplitudes and ∆ as the corresponding ratio
of the phases. From the experimental quantities Ψ and ∆, the film thickness and optical
constants are obtained via optical modelling – here performed using the
CompleteEASE 5.23 software. To do so, a layer model is constructed containing (i) the
substrate with known thickness and optical constants, and (ii) the studied thin film
with a first thickness estimate. A model fitting to the experimental data is initially
performed in the so-called Cauchy regime (the sub-bandgap wavelength range where
absorption in organic semiconductor thin films is negligible) to estimate the film
thickness based on optical interference originating from reflectance at the
substrate/sample and sample/air interfaces. The fitting is then expanded to energies
above the band gap using either a B-spline or general oscillator model to obtain the
optical constants. Since ellipsometry onlymeasures the relative change from incident to
reflected light and no absolute quantities, it is relatively insensitive to light scattering
and fluctuations, and requires no standard sample or reference beam. The limitations
of ellipsometry for the characterization of organic semiconductors are associated with
inhomogeneous and anisotropic films and high surface roughness. For such films, it is
often impossible to find an appropriate optical model to fit the experimental data.

3.4 Light Current-Voltage Characterization
The light I � V characteristics were measured with an Ossila Solar Cell I � V Test
System in combination with the Oriel LCS-100 TM (model 94011A) solar cell simulator.
The illumination was chosen to be 1 sun (= 100 mW{cm2) and calibrated against a
Newport calibrated reference cell (model 91150V, seriesnumber2087).The illumination
mask area is 0.256 cm applied to a solar cell with a pixel area of 0.04 gm2.

3.5 Dark Current-Voltage Characterization
The dark I � V characteristics were measured with a Keithley Lambda 2450 source
meterwith thedevicemounted inanelectrically shielded sampleholder (LinkamLTS420
thermal stage) to decrease the electrical pick-up noise allowing to measure currents of
around 10�12 A for organic photodetectors low intrinsic electrical noise. A typical I � V

measurement was conducted with a step size of 0.05 V starting from 0 V to −2 V in
reverse bias direction, and from 0 to 1 V in forward bias direction. For temperature
dependent dark I � V measurements, the organic photodetectors were mounted in the
Janis CCR12 cryogenic probe station. Encapsulation of the devices under test (DUT)
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wasomittedtoavoidencapsulation-induceddegradationofthesampleunderoperational
chamber pressures of 10�5 to 10�6 mbar. The probe station cools the sample container
by compressing helium gas in a closed Gifford McMahon cycle and subsequently allows
expansion, during which time heat is extracted from the heat exchangers cooling the
sample. In consequence, the temperature of the sample can be set between 15 K to 330 K
using the Lake Shore 336 temperature controller.

3.6 External Quantum Efficiency Measurements

APerkinElmerUV/VIS/IRspectrometer (LAMBDA950)withan integratedUniversal
ReflectanceUnitwasusedasasourceformonochromatic light. Inthespectrophotometer,
the light of a tungsten halogen lamp is split into monochromatic light by a diffraction
grating resulting in full-width-of-half-maximum of only 0.05 nm in the VIS and 0.20 nm
in the IR as well as low stray light content and high wavelength reproducibility. The
output light was chopped at 273 Hz using the MC2000B chopper system from Thorlabs
and focused by a lens onto the DUT that was hold under short circuit conditions in a
Linkam LTS420 thermal stage. The photocurrent of the DUT was amplified by a low
noise current amplifier (Femto DLPCA-200) and converted into a voltage signal, which
was thendetectedwith the lock-in amplifier (StanfordSR860).The lock-in amplifierwas
set to the reference frequency of 273 Hz by connecting it to the chopper system. On the
lock-in amplifier, an averaging time (time per wavelength step) of up to 300 s was used
for detecting wavelengths above 1500 nm, but typically 3 s for wavelengths below. For
uncorrelated, frequency-independent noise sources, increasing the averaging time leads
to a decrease of the noise floor by the square root of the number of averaged samples
(i.e. number ofmeasurements taken). In frequency space, this is equivalent to decreasing
the bandwidth of the measurement. A voltage bias can be optionally applied to the
DUT via the shield of the BNC input connector of the current amplifier by manually
switching from ground to the amplifier-internal potentiometer (variable from�10 V to
10 V). NIST‐calibrated 818-UV/DB silicon and 818-IR/DB germaniumphotodetectors
fromNewportwere used as a calibration references for thewavelength range of 350 nm to
1100 nm and 780 nm to 1800 nm, respectively. In thewavelength range between 1800 nm
to 2400 nm, the S148C photodetector fromThorlabs was used as a calibration reference.
The measurement setup is schematically shown in Figure 3.3.

In theEQEmeasurement, low light intensitiesaredetectedbysuppressing theoptical
and electrical noise sources of themeasurement setup such that one is only limited by the
electrical noise of theDUT.Theoptical noise sources include stray lightandharmonics of
the light source, and ambient light sources. The commercial Perkin Elmer UV/VIS/IR
spectrometer (LAMBDA 950) was industrially optimized to exhibit low optical noise
by using system integrated optics. Moreover, the lock-in amplifier extracts primarily
the signal with the reference frequency hence suppresses optical noise from the lamp or
ambient light with other frequencies. Lastly, covering the sample holder and dimming
the ambient lights has proven to prevent the lownoise current amplifier fromoverloading
at the highest gain. Ambient electrical noise sources (50 Hz mains hum and overtones,
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Figure 3.3: Schematic drawing of the external quantum efficiency measurement setup. Monochromatic
light from the spectrophotometer is chopped and focused by a lens onto the DUT that is held under short-
circuit condition. Reverse bias up to −10 V can be applied on the shield via the input connector of the
current amplifier. The photocurrent is amplified choosing different gain settings from 104 V{A to 109 V{A
and converted to photovoltage that is read out by the lock-in amplifier at the set reference frequency.

high voltage wires, power adapters) were strongly reduced by electromagnetic shielding
of theDUT in the LinkamLTS420 thermal stage and connecting it via triaxial cables (or
low-noise cables from CAB-LN1 Femto line) to the current amplifier.

Fortemperaturedependentexternalquantumefficiency(EQE)measurementsonthe
organic photodetectors from Chapter 6, the Linkam sample stage was set to�120 °C to
60 °C by the Linkam T96 temperature controller in combination with an LNP96 liquid
nitrogen pump. The measurements on a single sample were performed subsequently
on the same day to ensure reproducible settings between different temperatures (e.g.,
sample remained in the sample holder, same calibration file and constant gain setting
on the current amplifier during one measurement). In the study described in Chapter 6,
a commercial amorphous silicon thin film solar cell from TRONYwith the part number
sc80125s-8 was used as an exemplary inorganic test device to study its temperature
dependent EQE. The solar module was cut into a smaller piece, placed into the Linkam
sample stage and its top and bottom contacts were connected by the read-out pins of the
sample holder.

3.7 Electrical Noise Measurements

The intrinsic electrical noise of the DUT was measured under short-circuit conditions
in the electromagnetically shielded Linkam LTS420 thermal stage in the dark as shown
in Figure 3.4. The anode and cathode of the DUT are electrically connected to the core
and the shield of one BNC output, respectively, which connects via triaxial cables (or
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Figure 3.4: To obtain the electrical noise voltage of the DUT, it is placed in an electrically shielded sample
holder (Linkam LTS420 thermal stage), which is then connected via low-noise BNC cables to the low-noise
current amplifier (Femto DLPCA-200). The current of the DUT is the amplified at a given gain converting it
to a voltage signal that is fed into the spectrum analyser (Keysight N9010B Signal Analyser), which extracts
the voltage noise in function of frequency.

low-noise BNC cables from the CAB-LN1 Femto line) to the BNC input connector of
the Femto DLPCA-200 current amplifier. A voltage bias can be optionally applied to
the DUT via the shield of the BNC input connector of the current amplifier bymanually
switching from ground to the amplifier-internal potentiometer (variable from �10 V
to 10 V. The noise current of the DUT was amplified using a Femto DLPCA-200 low-
noise current amplifier and converted to a voltage signal. The voltage signal was then
fed into the Keysight N9010B Signal Analyser (spectrum analyser) with the resolution
bandwidth (RBW) set to 1 Hz.

A spectrum analyser measures the magnitude of an input signal versus frequency
within the frequency span of the instrument.Depending on the frequency andRBW, the
operationalmode of the spectrumanalyser switches automatically between swept-mode
or Fast-Fourier-Transform (FFT) mode. In this work, the frequency span was dictated
by the specifications of the low noise current amplifier, i.e., the higher the gain, the
lower the frequency span. At themaximum gain of 109 V{A, the upper cut-off frequency
is at around 1.1 kHz. For such low frequency spans, the spectrum analyser switches to
FFT mode, where a time domain voltage signal is recorded and the mathematical FFT
operation is performed to calculate the spectral component of the signal. For higher
frequency spans, e.g. radio-frequencies, the spectrum analyser switches to swept-mode,
where it operates like a lock-in amplifier that sweeps the full frequency range at a given
RBW using its internal local oscillator as reference. The input signal of the spectrum
analyser comprised the output voltage of the low-noise amplifier. The respective voltage
noise was obtained by the spectrum analyser in units of V{?Hz. The units reflect that
signal noise depends on the RBW.
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Figure 3.5: Experimental noise currents obtained for the spectrum analyser (Keysight N9010B Signal
Analyser; black line), the low-noise current amplifier (Femto DLCPA-200) at different gain settings (blue
line: 109 V{A; red line: 108 V{A; green line: 107 V{A) and lastly the full measurement setup including
spectrum analyser, current amplifier and DUT at different gain settings (blue dashed line: 109 V{A; red
dashed line: 108 V{A; green dashed line: 107 V{A). To measure the internal electrical noise of the spectrum
analyser, its input BNC connector was connected to a 50 Ω terminator to omit electrical pick-up noise.

After taking into account the gain of the current amplifier in units of V{A, the noise
voltage on the spectrum analyser is converted to noise current in units of A{?Hz. To
measure the electrical noise of the DUT, it is important that the electrical noise of the
apparatus is below the electrical noise of the DUT. As an example, Figure 3.5 illustrates
the noise current of theDUT and the current amplifier at different gain settings, and the
internal electrical noise of the spectrumanalyser as obtained from the root-mean-square
noise current a frequencies between 800 kHz to 1000 kHz. The DUT has an electrical
noise current of around 80 fA{?Hz, which was measured using either a gain of 109 V{A
or 108 V{A on the current amplifier. For such high gain, the electrical noise of the current
amplifier is well below the one of the DUT. However, at a gain of 107 V{A, its internal
electrical noise current increased to 43 fA{?Hz, and, hence, the measured noise current
of theDUT increases to roughly 100 fA{?Hz. It is therefore important to use the highest
gain on the current amplifier without overloading the spectrum analyser or current
amplifier.

3.8 Linear Dynamic Range

To perform light-intensity dependent characterization of the photodiodes, i.e., to
obtain the linear dynamic range (LDR) and the noise equivalent power (NEP), the
electrical noise measurement setup was upgraded by a laser source (Oxxius L6Cc laser)
and a waveform generator (Keysight 33600 A series). The Oxxius L6Cc laser can
generate light at 405, 520, 638, 785 and 940 nm. In this work, it was typically
modulated by the waveform generator in the sub-kHz regime at 520 nm. Modulation
frequencies, that are multiples of 50 Hz, were avoided to suppress electrical pick-up
noise from the mains. Prior to measuring the LDR of the DUT, its oscillating
photocurrent was monitored an the oscilloscope and the modulation settings (DC
voltage offset and peak-to-peak voltage) on the waveform generator were adjusted to
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drive the laser between 0 V and 5 V. This resulted in an oscillating light power between
its minimal and maximal output power with a RMS power of around 10 mW. Ideally,
the photocurrent describes a clean sinusoidal waveform in time without clipping, which
could otherwise lead to high-frequency noise artefacts measured with the spectrum
analyser.

To record the photocurrent response over light powers spanning 13 orders of
magnitude, optical filters were used including the continuous filter wheel within the
Oxxius L6Cc laser box that can attenuate the light power by 4 orders of magnitude.
After internal attenuation, the laser light is guided through an optical fibre from the
laser box to the external set of Neutral-density (ND) filters fromThorlabs arranged in a
filter wheel. Among an unfiltered position, the filter wheel contains nine ND filters with
increasing optical density (OD) from 1 to 9. In the filter wheel, the light is out-coupled,
attenuated by a maximum of 9 orders of magnitude, focused by a movable optical lens
and coupled into the second optical fibre that guides the light either to the reference
photodetector for calibration or the DUT. The light power was calibrated against the
Femto OE-300-SI photoreceiver with a NEP of 8 fW{?Hz at the responsivity
maximum at 900 nm and an electrical noise current of 10 fA{?Hz at the highest gain
setting (lowest noise floor). Note that the RBW of this measurement was set to 10 Hz.

Figure 3.6: Sketch of the experimental setup used to performed light-intensity photodetector
characterization, including the electrical noise measurement setup upgraded by a laser source (Oxxius L6Cc
laser) and a waveform generator (Keysight 33600 A series). The light intensity of the laser can be attenuated
over 13 orders of magnitude using the laser internal continuous attenuation wheel and external ND filters.
The sample is kept in the electrically shielded sample holder (Linkam LTS420 thermal stage) under short
circuit conditions. The laser is modulated by a waveform generator (Keysight 33600 A series) at a reference
frequency at which the spectrum analyser detects the photovoltage signal.

61



3.9 Frequency Response

At the reference frequency fref , the spectrum analyser records the absolute voltage
magnitude, whereas at frequencies f   fref �RBW{2 and f   fref �RBW{2, the
voltage noise of the measurement setup is displayed. In analogy to the electrical noise
measurements, the measured voltage signal was recorded and converted into a current
signal by taking into account the gain in units of V{A on the current amplifier.
Figure 3.7 illustrates how the photocurrent at fref � 980 Hz decreases by one order of
magnitude with increasing the OD filter from 1 to 9. For OD=5 to OD=9, the same
gain on the current amplifier was used, resulting in the same current noise at frequency
below and above fref . At OD=8, the photocurrent signal has an amplitude of only
20 fA, while it can no longer be discerned from the current noise current at OD=9.

Figure 3.7: Photocurrent in function of frequency from a DUT that is excited by a laser source modulated
at 980 Hz. The peak intensity decreases with each attenuation step until the current signal can no longer
be distinguished from the current noise of the DUT in the dark (black line). The RBW of the measurement
comprised 10 Hz.

3.9 Frequency Response
Tomeasure the frequency response of the DUT, the electrical noise measurement setup
was upgraded to include a laser source (Oxxius L6Cc laser) and a network analyser
(Keysight E5071C ENA Vector Network Analyser) as shown in Figure 3.8. A network
analyser acts both as source signal and as receiver, and can therefore probe relative
changes of amplitude and phase between output and input signal. The results are
transmission measurements (transmission coefficient, insertion loss, gain), reflection
measurements (reflection coefficient, return loss), impedance and the scattering
parameters (S11, S12, S21, S22). In this work, the network analyser was used in
transmission mode. In such as mode, it generates waveforms over a set range of
frequencies, which modulate the laser source that excites the DUT. The photocurrent
of the DUT is amplified by the low noise current amplifier (Femto DLPCA-200) and
converted to a voltage signal that is the input to the network analyser. The network
analyser then displays the relative response (power ratio) of input to output in function
of frequency in units of decibel (dB). The maximum of the relative response is
normalized to 0 dB, and hence the frequency where the relative response has decreased
by 50 % is the −3 dB cut-off-frequency fc.
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To successfully record the full frequency response of the DUT, following aspects
were considered: First, the intensity of the modulated light must be within the LDR of
the DUT. The light intensity of the laser was attenuated using its internal attenuator
wheel as illustrated in Figure 3.8. Second, the photocurrent of the DUT should describe
a clean sinusoidal waveform in time without clipping, which could otherwise lead to
high-frequency artefacts in the frequency response spectrum. Prior to measuring the
frequency response of the DUT, its photocurrent was therefore measured at a constant
frequency below fc with an oscilloscope and the modulation settings (DC voltage offset
and peak-to-peak voltage) on the network analyser were adjusted to drive the laser
between 0 V and 5 V, which resulted in an oscillating light power between its minimal
and maximal output power. Third, the DUT must be the “slowest” component of the
experimental setup, i.e., show the lowest fc. fc of the Oxxius L6Cc laser at a wavelength
of 520 nm was determined to be around 955 kHz and the fc of the Femto DLPCA-200
low noise current amplifier is 500 kHz according to the user manual. For photodiodes
faster than 500 kHz, the amplifier was omitted and the signal of the DUT directly fed
into the network analyser without amplification.

Figure 3.8: Sketch of the experimental setup to measure frequency response comprising the electrical
noise measurement setup upgraded by a laser source (Oxxius L6Cc laser) and a network analyser (Keysight
E5071C ENA Vector Network Analyser). The network analyser generates an (oscillating) voltage output
that modulates the laser subsequently at different frequencies typically increasing between continuous wave
illumination up to 1 MHz. The light intensity of the laser can be attenuated by its internal attenuator
to be within the LDR of the DUT. The DUT is kept in the electrically shielded sample holder (Linkam
LTS420 thermal stage) under short circuit conditions. Upon illumination, the photocurrent of the DUT is
the amplified at a given gain converting it to a voltage signal that is fed into the network analyser, which
displays the relative input to output power ratio in units of dB and in function of frequency.
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Chapter 4
Determining Subgap Absorption
Coefficients

Energy states below the bandgap of a semiconductor, such as trap states or charge
transfer states in organic semiconductor donor-acceptor blends, can contribute to
light absorption. Due to their low number density or ultra-small absorption
cross-section, the absorption coefficient (α) of these states is challenging to measure
using conventional transmission and reflection spectroscopy. As an alternative, the
external quantum efficiency (EQE) of photovoltaic devices is often used as a
representative of α, where the spectral line shape of the EQE is assumed to follow α

of the active layer material. In this chapter, the work is presented which shows that
the sub-bandgap EQE is subject to thickness dependent low finesse cavity effects
within the device – making this assumption questionable. A better estimate for α is
obtained when EQE spectra of photodiodes with different active layer thickness t are
fitted simultaneously for one α using an iterative transfer matrix method. Herein, α

is determined to an accuracy of 10�2 cm�1 in the sub-gap spectral range of two
exemplary D:A blends often used in high efficiency organic solar cells. It is found
that in photodiode with a non-fullerene containing active layer, the
interference-induced t-dependence of EQE is more pronounced due to the large
refractive index of this material system. These results indicate that one cannot
directly relate the sub-gap EQE spectra to the sub-gap α without performing
appropriate optical simulations. This is particularly important in systems with larger
refractive indices such as non-fullerene blends. A summary of the work presented in
this chapter was published by the authors in Advanced Optical Materials in 2019. C.
Kaiser fabricated the devices, performed the experiments and optical simulations. S.
Zeiske developed the experimental EQE setup, and P. Meredith and A. Armin
conceptualized the idea and provided the leadership of this project.

C. Kaiser, S. Zeiske, P. Meredith, A. Armin, Determining Ultralow Absorption
Coefficients of Organic Semiconductors from the Sub‐Bandgap Photovoltaic
External Quantum Efficiency, Adv. Opt. Mater. 8, 1901542 (2019).
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Chapter 4 Determining Subgap Absorption Coefficients

4.1 Experimental Sub-gap Absorption Coefficient

For photon energies (hν) above the bandgap (Eg), the absorption coefficient α is often
determined through transmission and reflection spectrophotometry or spectroscopic
ellipsometry, which gives the complex reflective index. The same experimental
techniques become very challenging when applied to the sub-bandgap optical
constants, particularly because for hν   Eg the absorptance is typically orders of
magnitude weaker than for hν ¡ Eg. Precise sub-bandgap optical constants are,
however, crucial for modelling a variety of semiconductor devices operating at energies
below the bandgap such as near-infrared photodetectors14,137 or light emitting
exciplex LEDs.138 In addition, the spectral line shape of α for hν   Eg is indicative of a
variety of phenomena such as structural disorder and charge transfer absorption in
organic semiconductors as shown in Section 2.1. Disorder-induced and charge transfer
state absorptions are related to loss mechanisms in organic solar cells, and have been
studied extensively to improve solar cell efficiencies.139–141

Given the considerable interest in the sub-bandgap α, sensitive methods of
measuring it have been developed. This includes photothermal deflection (PDS)
spectroscopy as a powerful technique for measuring α down to 0.001 cm�1 in the best
case, but more commonly down to 1 cm�1 in condensed matter phases.45–47,98 Similar
to ellipsometry, PDS requires the preparation of single layer samples. Another
technique is Fourier Transform Photocurrent Spectroscopy (FTPS) that is based on
recording the photocurrent action spectrum using a Fourier Transform Infrared
spectrometer. FTPS is often used to determine low energy trap states in inorganic
semiconductors.142,143 One should note that photocurrent-based methods may be
more sensitive than PDS but can only probe the absorptance of the
photocurrent-generating species. In amorphous silicon, it has been shown that FTPS
systematically underestimates the optical absorptance for hν   1.4 eV when compared
with PDS.144,145 Similar to FTPS, the external quantum efficiency (EQE) is another
photocurrent-based method commonly used to characterize the photocurrent response
of solar cells and photodetectors over the visible (VIS) and near-infrared (NIR)
spectral range. The EQE is the product of absorptance of the active layer as a function
of wavelength Apλq and the internal quantum efficiency (IQE), such that

EQEpλq � Apλq � IQE (4.1)

As a consequence of eq. 4.1, the spectral line shape of the EQE must be directly
transferrable to Apλq assuming that the IQE does not feature any substantial energy
dependence. The latter assumption has been proven in technologically relevant high
efficiency systems such as efficient bulk heterojunction49–51,91 and perovskite146 solar
cells. Nevertheless, examples for donor-acceptor (D:A) systems with an excitation
energy dependent IQE have been shown recently.92,93 If the spectral line shape of the
EQE changes with applied bias, the IQE is not spectrally flat and Apλq can be more
precisely inferred from the EQE measured at the largest possible bias to ensure
photocurrent saturation.92,147
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4.2 Optical Constants from Spectroscopic Ellipsometry

Assuming an excitation energy independent IQE, Apλq can be obtained from the
spectral line-shape of the EQE.Apλq is a property of a multi-layer stack device such as a
solar cell or a photodetector. To infer α of the active layer from Apλq, an optically thin
active layer with αt ! 1 (layer thickness t) is often assumed with negligible cavity
effects. Herein, it is assumed that A � 2αt for hν   Eg.91,131,148,149 Therefore the
spectral line shape of the EQE should follow α via Apλq. However, the assumption of
A � 2αt is invalid in the presence of electrodes as the device forms a low-finesse cavity
with an associated t-dependence. The well-known cavity effects are typically observed
as pronounced interference fringes in the above-gap EQE (where αt � 1) but can have a
similar effect on the sub-gap EQE. The prominence of these cavity effects depends
primarily on the relative difference between the individual layer refractive indices and
can be simulated using the so-called transfer matrix model which was introduced in
Section 2.1.1.

4.2 Optical Constants from Spectroscopic
Ellipsometry

Optical constants comprise the attenuation coefficient κ and the refractive index n,
where α is related to κ via α � 2πκ { λ. In optical simulations, κ is often used as an
input parameter instead of α. To investigate ultra-low α in the sub-gap region,
PBTTT:PC71BM (1:4) and PBDB-T:ITIC (1:1) were chosen as model material
systems. PBTTT:PC71BM is known for its extended sub-gap EQE shoulder due to
charge transfer state (CT) absorption,150 while PBDB-T:ITIC shows a narrow CT
state-related EQE contribution that is barely distinguishable from the above-gap EQE
caused by singlet excitons.149 First, the optical constants were obtained from single
layer samples of spin-coated material with thicknesses ranging between 100 nm to
400 nm on both glass and silicon substrates. Ellipsometry is considered as an indirect
method for obtaining the optical constants, as it measures the polarization parameters
tan Ψpλq and cos∆pλq, which are then globally fitted for t and n in the transparent
region between 1200 nm to 1600 nm (κ � 0, i.e., the Cauchy region). Thereafter, n and
κ are fitted stepwise over the entire spectrum with fixed t. Figure 5.1 shows the optical
constants obtained for PBDB-T:ITIC and PBTTT:PC71BM, which were determined
in good agreement between the experimental data and the mathematical model
(mean-squared error   15) as well as high reproducibility between samples in the VIS
spectral range. The dashed lines in Figure 5.1 indicate the sensitivity limit for
determining κ, which roughly corresponds to the bandgap energy beyond which this
method is not applicable to κ (as seen from the divergence of κ for different t). At the
same time, the relative change in n with t in the Cauchy regime compared to κ is
insignificant, as n lacks spectral features and converges to a constant value around 2. In
summary, n was used as obtained from ellipsometry for transfer matrix simulations in
the entire spectral range but dismissed κ for wavelengths beyond the dashed lines
illustrated in Figure 5.1. Furthermore, the optical constants of indium tin oxide (ITO),
MoO3 and ZnO were determined experimentally, while for Ag tabulated data was
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used.151 As a next step, electrically inverted photovoltaic cells with the structure ITO
(105 nm) / ZnO (37 nm) / active layer / MoO3 (7 nm) / Ag (130 nm) were fabricated
with different active layer thicknesses (PBDB-T:ITIC: 60, 132, 215, 375 nm and
PBTTT:PC71BM: 60, 81, 110, 140, 190 nm).

Figure 4.1: Spectroscopic ellipsometry obtained refractive indices n and κ of PBTTT:PC71BM and PBDB-
T:ITIC on silicon (Si) and glass with the respective layer thicknesses as shown. Dashed lines highlight the
sensitivity limit in κ of the ellipsometric technique. PBDB-T:ITIC shows a significantly larger dispersion in
n compared to PBTTT:PC71BM.

4.3 Numerical Sub-gap Absorption Coefficient
The EQE spectra are used in the procedure depicted in the process flowchart of
Figure 4.2 to obtain ultra-low α. The numerical basis for this process is the
Nelder-Mead simplex algorithm that minimizes a non-linear and constrained objective
function.152 Importantly, the presented method does not depend on the algorithm used
for the minimization. Other derivative-free algorithms like the Brent’s method or
Powell’s conjugate direction method can also be employed.153 To numerically
determine the κ, two steps were followed as shown in Figure 4.2a and 2c: (i) Estimation
of the precise active layer thickness for the single device (defined as the ‘pixel’) and (ii)
calculation of κ under consideration of the preoptimized t. First, Apλq of each device is
modelled by the transfer matrix method. The experimental input data required for the
modelling comprise the measured active layer thickness tmeasured and the optical
constants in the VIS spectral range that is from 400 nm to 600 nm for PBTTT:PC71BM
and 400 nm to 700 nm for PBDB-T:ITIC.

Thereafter, IQEVIS and the mean (IQEmean) are obtained using eq. 4.1. From the
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4.3 Numerical Sub-gap Absorption Coefficient

active layer tmeasured
in nm

tsimulated
in nm

PBTTT:PC71BM 70 60
80 81
120 110
130 140
200 190

PBDB-T:ITIC 50 60
142 132
205 215
385 375

Table 4.1: Active layer thickness t of devices with either PBTTT:PC71BM or PBDB-T:ITIC. The numerical
thickness tsimulated is obtained using a numerical fitting procedure that varies the thickness between �10 nm
around the measured thickness tmeasured. The fit aims to optimize tsimulated by reducing the deviations of
the simulated IQE of the device from its mean, since the IQE is in good approximation spectrally flat.

available ellipsometric constants, values were chosen that resulted in the minimum
deviations of the IQEVIS from its mean. The IQE of one exemplary PBDB-T:ITIC
device (375 nm active layer layer) is depicted in Figure 4.2b showing a deviation of the
IQE of no more than 13 % from its mean. Such deviations can be caused by thickness
variations over the device area which are common for solution-processed layers and
could even be seen with the naked eye for the 210 nm PBTTT:PC71BMdevice. For that
reason, t was preoptimized within 10 nm boundaries around the experimental thickness
tmeasured. To do so, the absorptance A1 was calculated from the IQEmean as
A1 � EQE� IQEmean

�1. Figure 4.2b shows that the absolute difference between A1

and A is largest where the IQE deviates most from its mean. To match A1 to A, t is
numerically varied tominimize the function pA�A1q2{A. In the case ofA � A1, IQEVIS
would be spectrally flat, which is impossible to achieve given the experimental errors
and uncertainties related to optical constants and thicknesses of other device layers.
Nevertheless, the IQE spectra remains approximately flat within these unavoidable
errors. IQE spectra of the devices under investigation are shown in Figure 4.3-4.4.

The experimental and the simulated tsimulated of all the investigated devices are
shown in Table 4.1. Once the optimized tsimulated and IQEmean for all devices are
obtained, the absorption spectra below the bandgap can be estimated by
A2 � EQE� IQEmean

�1 using the experimental EQE over the full spectral range.
Importantly, A2 is now a matrix containing the estimated absorptance of all devices.
Figure 4.2c shows the process of numerically obtaining κ. The fixed input comprises the
absorption matrix A2, the experimental α at the last wavelength within the VIS
spectral range κpλm�1q, the α n over the full spectral range, and the numerically
obtained t. The optimization of κ proceeds wavelength by wavelength starting from the
λm, where λm�1 is the last wavelength within the VIS spectral range. At λm, the
transfer matrix calculates A3 using κpλm�1q as the initial guess of α. To further match
A3 to A2pλmq, the κ is varied between 0 and κpλm�1q � κpλm�1q{10 with the goal to
minimize the function (A2pλmq �A3q2{A2pλmq. Once a predefined number of
iterations has been exceeded, κpλmq is fixed and the algorithm proceeds to the next
wavelength λm�1 choosing κpλmq as the initial estimate for fitting κpλm�1q.
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Figure 4.2: Process flow for obtaining ultra-low α (� 2πκ { λ) in the weakly absorbing spectral range using
numerical optimization. a,b The active layer thickness t is optimized such that the difference between A
and A1 in the visible spectral range is minimal resulting in a spectrally flat IQEVIS. c From the mean of
the IQE and sensitively measured sub-bandgap EQE, an absorptance matrix A2 for several t is calculated.
Using the preoptimized t, κ is numerically obtained by recursive simulation of the active layer absorptance
A3pλmq for all t at one wavelength with the goal to fit A2.

spectrum tmeasured
in nm ECT in eV λCT in meV

α - 1.155 162.7
EQE 60 1.175 152.9

81 1.181 134.4
110 1.150 182.5
140 1.158 150.8
190 - -

Table 4.2: Charge transfer energy (ECT) and reorganization energy (λCT) of PBTTT:PC71BM obtained
from a Gaussian fit to the low-energy part of α or the experimental external quantum efficiency (EQE)
spectra. The Gaussian fit to the EQE of the 190 nm thick device was not reliable and therefore excluded.
ECT and λCT extracted as fit-parameter from the EQE spectra show negligible deviation from the values
extracted from the α given an estimated fit-error of �10 meV and �20 meV for ECT and λCT, respectively.
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4.3 Numerical Sub-gap Absorption Coefficient

Figure 4.3: Simulated active layer absorption, IQE and the mean of the IQE (IQEmean) of devices with
the structure ITO (109 nm) / ZnO (37 nm) / PBDB-T:ITIC (60 – 400 nm) / MoO3 (7 nm) / Ag (130 nm).
A corresponds to the absorption calculated by the transfer matrix using the experimentally obtained optical
constants. A1 corresponds to the absorptance calculated as A1 � EQE� IQEmean

�1 .
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Figure 4.4: Simulated active layer absorptance, IQE and the mean of the IQE (IQEmean) of a device with
the structure ITO (109 nm) / ZnO (37 nm) / PBTTT:PC71BM (60 – 190 nm) / MoO3 (7 nm) / Ag (130
nm). A corresponds to the absorptance calculated by the transfer matrix using the experimentally obtained
optical constants. A1 corresponds to the absorptance calculated as A1 � EQE� IQEmean�1.
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4.4 External Quantum Efficiency Simulations

Figure 4.5: α (dashed black lines) of PBDB-T:ITIC (a) and PBTTT:PC71BM (b) comprising ellipsometric
data for above-gap and numerical data for sub-bandgap absorption. Using α in a conventional transfer matrix
simulation, the active layer absorptance was calculated and scaled by IQEmean to obtain the simulated EQE
(dotted lines). The thickness-dependence of the sub-bandgap EQE is clearly reproduced in the simulation
validating the numerical α as well as indicating that the commonly used assumption A � 2αt is only true
for a subset of thicknesses.

4.4 External Quantum Efficiency Simulations

A computer code for computational method explained in the previous Section 4.3 is
provided in an online repository with exemplar data.154 This method is applicable to a
single or more devices of different t. However, experimental inaccuracies tmeasured and
small deviations from the flat IQE assumption will have a large impact on the
numerically obtained α if only one device is considered. Therefore, it will be more
accurate to numerically fit devices with different t. From the globally obtained α, the
active layer absorptance can be simulated and then scaled by IQEmean to obtain the
EQE. It is important to consider that electronic effects, such as the charge collection
imbalance of thick junctions, are not considered in the optical model. Figure 4.5a and b
illustrate α, the experimental EQE (EQEexp) and simulated EQE (EQEsim) spectra of
PBDB-T:ITIC and PBTTT:PC71BM. The agreement between simulation and
experiment for different active layer t was quantified by calculating the relative
percentage difference. EQEsim is typically within 40 % deviation around the absolute
EQEexp despite the simulation covering 7 orders of magnitude. Consequently, the
EQEsim spectra follow the t-induced spectral line shape of the EQEexp spectra.

From aGaussian fit to the α of PBTTT:PC71BM, a charge transfer energy (ECT) of
1.16 eV and a reorganization energy λCT of the D:A complex of 163 meV were
determined as shown in Figure 4.6. ECT of PBTTT:PC61BM was previously reported
to be 1.15 eV in a thin solar cell, where the active layer absorptance A in the device was
approximated by A � 2αt.131 As both ECT values are in excellent agreement, a
Gaussian fit was performed on EQEexp spectra for different t under the assumption of
A � 2αt. The 190 nm PBTTT:PC71BM device could not be reliably fitted, but other
devices with active layer thicknesses of 60, 81, 110 and 140 nm resulted in ECT and λ

values ranging from 1.15 eV to 1.18 eV and 143 meV to 186 meV, respectively (see
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Table 4.2). Given the dependence of the fit parameters on the chosen fitting range, an
uncertainty of �10 meV for ECT and �20 meV for λCT is estimated. To conclude this
phase of the analysis, the assumption of A � 2αt leads to an insignificant error in
determining ECT and λCT for the material system PBTTT:PC71BM for t   190 nm.
For PBDB-T:ITIC devices, the t-dependent EQE features in the spectral range above
1000 nm were identified as resonances of the device acting as a low-finesse cavity. To
eliminate the possible effect of higher order harmonics derived from the illumination
system, the EQE of the 190 nm device was remeasured with long-pass filters placed in
front of the sample. No significant changes in the EQE were observed as depicted in
Figure 4.8. It should be noted that the recorded EQE spectra are all above the electrical
noise level of the apparatus as shown in Figure 4.8. In Figure 4.5a and b, the
numerically obtained α is scaled to compare its spectral line shape to the EQE spectra
of devices with different active layer t.

The assumption A � 2αt, according to which the spectral line shape of α follows A

and therefore the EQE, is not applicable to any PBDB-T:ITIC device without greatly
over- or underestimating α. To find the t at which this assumption is valid, A was
simulated using the conventional transfer matrix method over a broad range of t (see
Figure 4.7). For PBDB-T:ITIC, the best fit was obtained for t between 130 nm to
170 nm, however, the assumption clearly fails for other t. This is mainly caused by a
strong dispersion of n for PBDB-T:ITIC (see refractive indices in Figure 4.3). The
strong dispersion arises from the high α and its sharp bandgap resulting in larger
Cauchy factors. Consequently, interference effects are more pronounced in
PBDB-T:ITIC than in PBTTT:PC71BM devices, which presumably also applies to
other non-fullerene containing systems with similarly large α. For PBTTT:PC71BM,
A � αt can give a better estimate for the numerical α over a wide range of t. At the
same time, the change in t between 60 nm to 150 nm also affects the spectral line shape
of the simulated absorptance. From these two examples, it becomes clear that active
layer t plays a significant role in the observed spectral line shape of the EQE and care
must be taken to not mistake material properties with device properties.
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4.5 Absorption of Trap States

Figure 4.6: α of PBTTT:PC71BM inferred from the ellipsometric extinction coefficient in the VIS spectral
range and the numerical extinction coefficient in the sub-bandgap range. It is known that PBTTT:PC71BM
exhibits a strongly redshifted CT absorption leading to a sub-bandgap EQE shoulder. The low energy part
of α was fit by a Gaussian-like function to extract the charge transfer energy (ECT) and the reorganization
energy (λ). A charge transfer energy (ECT) of 1.15 eV has already been reported in literature131 for
PBTTT:PC61BM.

Figure 4.7: Sub-bandgap spectral line shape of the active layer absorptance for different tsimulated in devices
with PBDB-T:ITIC (a) and PBTTT:PC71BM (b). Coloured lines represent the simulated absorptance
obtained from the transfer matrix method and the numerical α. Grey lines represent the absorptance
obtained by assuming A � 2αt for a subset for different tsimulated.

4.5 Absorption of Trap States

The α spectra of PBDB-T:ITIC shown in Figure 4.5a further indicate a broad
absorption feature between 1000 nm to 1400 nm with an ultra-low α of 0.1 cm�1 to
0.01 cm�1. According to the empirically established relation ECT � qVOC � 0.6 eV,
ECT of PBDB-T:ITIC is expected to be at around 1.5 eV. This has been experimentally
shown149,155 and can be observed in Figure 4.5 as a shoulder in the α spectrum at
800 nm. The corresponding Gaussian-distributed absorptance of CT states occurs at
much higher energies than the observed tail states. Importantly, the ability to
determine α between 0.1 cm�1 to 0.01 cm�1, allows one to observe ultra-weak optical
transitions that are typically associated with defect absorption in this spectral
range.144,145,156 Moreover, the tail of α observed here can be easily fitted by an
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exponential function. Similar to FTPS measurements, the presented method
determines exclusively photocurrent-generating trap states. Therefore, it possibly
underestimates the α in the spectral range of defect absorption. However, the thus
obtained “effective α” is advantageous for modelling solely photocurrent-based devices
like solar cells and photodetectors, and to perform detailed balance analysis to
determine the open circuit voltage of the solar cells and thermodynamic limit of the
detectivity of the photodetectors.

4.6 Noise Equivalent External Quantum Efficiency

Using the presented method, the sensitivity to α depends solely on the ability to
measure small photocurrents in the weakly absorbing spectral region. Figure 4.8a
shows the EQE of PBDB-T:ITIC cells measured up to 1700 nm. Depending on the
device noise current and measurement integration time, the noise floor is reached at
different wavelengths, but always above 1400 nm. In Figure 4.8b, the current response
of a 105 nm thick PBDB-T:ITIC device in the dark is depicted as the noise-equivalent
EQE of the measurement system utilized in this work. Presumably, it is possible to
obtain α values down to 0.001 cm�1, if the device noise can be decreased via, for
example, increasing the shunt resistances (i.e., lowering the thermal noise).
Importantly, this α is only valid for charge-generating states. Another limitation of this
method concerns finding the accurate optical constants via spectroscopic ellipsometry
needed to determine the IQE. Anisotropy or thickness dependent morphology as well
as birefringent optical properties can be very difficult to model. Moreover, it has been
reported that some material systems show an excitation energy dependent IQE.49,92 In
that case the sub-bandgap IQE cannot be inferred from the above bandgap IQE
making the method presented here not applicable. However, if the experimental EQE
spectra for several thicknesses can be simulated reliably, the numerical α is valid for the
material system under investigation and hence the assumption of an energy
independent IQE applies.
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Figure 4.8: a EQE spectra measured for PBDB-T:ITIC devices showing optical interference fringes as the
result of the device acting as a low-finesse cavity for wavelengths above 1000 nm. b EQE of the PBDB-T:ITIC
device with a 215 nm active layer. Different longpass filters were placed in front of sample to eliminate higher
incident light order harmonics. The noise-equivalent EQE of a 105 nm thick PBDB-T:ITIC cell was recorded
by fully blocking the light beam.

4.7 Conclusions
To summarize this chapter, a numerical and experimental approach was presented to
determine ultra-small α of sub-gap states from EQE and applied it to organic
semiconductors-based solar cells. Due to non-negligible cavity effects, the spectral
shape of the sub-bandgap EQE is influenced by interference fringes that are greater
when the refractive index is more dispersive as exemplified with the PBDB-T:ITIC
system. The t-dependent EQE spectra of PBDB-T:ITIC and PBTTT:PC71BMdevices
were accurately predicted when modelling the device using the as-obtained α. While
ECT of the PBTTT:PC71BM was determined as previously reported, sub-bandgap
states were observed for the PBDB-T:ITIC blend, which are most likely linked to
photocurrent generating trap states. The method presented here refines how to obtain
α from EQE spectra while offering a novel way to study sub-bandgap absorption with
relatively low experimental overhead.
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Chapter 5
Manipulating the Charge Transfer
Absorption for Narrowband Light
Detection in the Near-Infrared

Charge generation and recombination processes at interfaces between electron
donating (donor, D) and accepting molecules (acceptor, A) are mediated by
intermolecular charge-transfer (CT) states. Since organic photovoltaic and
photo-detecting devices rely on D:A interfaces, an understanding of the molecular
and morphological aspects governing CT state properties is crucial. The work
presented in this chapter illustrates how molecular structure and energy levels within
a family of bipyranylidene based donor molecules affect the line-shape of the CT
absorption cross-section of a D:C60 blend. The molecule 2,2’,6,6’-tetra-
(2-methylthienyl)-4,4’-bithiopyranylidene is identified to have the strongest CT
absorption peak combined with a strongly redshifted CT shoulder, which is exploited
by fabricating near-infrared, cavity enhanced narrowband detectors. The
photodetectors cover an impressive wavelength range from 810 nm to 1665 nm with
line-widths between 30 to 50 nm. This chapter is written based on a collaborative
work between (i) Swansea University, (ii) Dresden Integrated Center for Applied
Physics and Photonic Materials (IAPP) and Institute for Applied Physics, (iii)
Center for Advancing Electronics Dresden and (iv) Instituut voor
Materiaalonderzoek (IMO) published in Chemistry of Materials in 2019. C. Kaiser
performed optical simulations, cyclic voltammetry measurements, electro-optical
measurements of the NIR photodetectors and drafted the manuscript. K. S.
Schellhammer and F. Ortmann provided results of a theoretical study via density
functional theory and the respective interpretation. J. Benduhn and B. Siegmund
fabricated the photodiodes. C. Kaiser, O. Zeika and M. Tropiano synthesized the D
materials. K. Vandewal and B. Siegmund conceptualized the idea of this project. K.
Vandewal, P. Meredith and A. Armin provided the overall leadership of this project.

C. Kaiser, K. S. Schellhammer, J. Benduhn, B. Siegmund, M. Tropiano, O. Zeika, F.
Ortmann, P. Meredith, A. Armin, K. Vandewal, Manipulating the Charge Transfer
Absorption for Narrowband Light Detection in the Near-Infrared, Chem. Mater. 31,
9325 (2019).
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5.1 Bispyranylidenes for Near-Infrared Detection

To achieve near-infrared (NIR) detection, one strategy is to use D:A blends with a
pronounced charge transfer (CT) absorption in the NIR and to optically amplifiy this
absorption by using a micro-cavity device architecture as discussed in Section 2.4.4.14
The key advantage of these photodetectors is the extended detection range far beyond
the absorption onset of the neat organic materials. By blending the donor
2,2�,6,6�-tetraphenyl-4,4�-bipyranylidene (D1) with C60, Siegmund et al. achieved a
photodetection window extending from 810 nm up to 1550 nm, while the wavelengths
corresponding to the absorption onsets of neat C60 and D1 are below 700 nm. The
authors concluded that new D:C60 blends with a stronger and more redshifted CT
absorption would improve the next generation of these photodetectors. This chapter
investigates a new series of molecules (D1 to D8, see all molecular structures in
Figure 5.1) that was synthesized(1) with the goal to improve the characteristics of CT
absorption based NIR photodetectors. The synthesis was conducted according to two
main strategies: First, the bipyranylidene core of the literature-knownmolecule D1 was
substituted with sulfur. This substitution was inspired by increased conductivities of
pressed powder or single crystals of the neat donors D5 and D6 or their CT complexes
with the acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) as compared to their
oxygen analogues D1 and D2, indicating improved charge transport properties.157–159
Second, side chains with higher electron-donating strength than phenyl were
introduced to extend the wavelength range of CT absorption further into the NIR, as it
is known that ECT scales with the energy difference between the HOMO of the donor
and the LUMO of the acceptor.158–161

To showcase the influence of the CT state manipulation, a series of fully
vacuum-deposited photodetectors was fabricated(1). For the active layer, D8 and C60
were co-evaporated from vacuum to form the active layer. Moreover, a complicated
planar stack of charge selective interlayers, including doped layers, was evaporated to
tune the resonance wavelength and reduce the dark current, thus, improving the
specific detectivity (D�) of the photodetector. The exact device architectures are
depicted in Appendix A.1. A comparison of photodetectors with D1 and D8 shows that
photodetectors employing D8 have an increased external quantum efficiency (EQE)
over the entire spectral region of CT absorption with the strongest enhancement
around the CT state absorption onset. As a result, their photoresponse window was
increased by 100 nm reaching 1665 nm, while a narrow spectral line width of only 50 nm
was observed for the most redshifted sensor. Molecules with a bipyranylidene core such
as D1 and D5 are known as strong donors when combined with fullerenes. Moreover,
they are known to show reversible double oxidation at low potentials, which was
previously measured(1) via cyclic voltammetry (CV). The CVmeasurements are shown
in Appendix A.1. Herein, relatively high energies for the first and second oxidation
ranging between 0.1 eV to 0.4 eV can be observed. These results were reproduced by
density functional theory simulations (DFT) as presented in Appendix A.2. Since the

(1)at the Dresden Integrated Center for Applied Physics and Photonic Materials (IAPP)
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Figure 5.1: Chemical structures of the donor materials used in this chapter.

HOMO energy levels are particular important for the expected ECT values (see
Chapter 2.1.6), DFT calculations were used to visualize the ground state
conformations and the extension of the HOMO orbital lobes. It was concluded that
sulfur in the bipyranylidene core leads to a larger orbital extension in out-of-plane
direction for the molecules D5-D8. Moreover, multiple rotamers can be observed that
lie close in energy. Oxygen the bipyranylidene core, in contrast, leads to more
conformational planarity and less orbital extension in out-of-plane direction as
visualized in Appendix A.3 and A.4. As a result, the calculated and experimentally
determined HOMO levels of oxygen substituted bipyranylidenes are generally lower in
energy than for the sulfur substituted bipyranylidenes (cf. Figure A.2 in the
Appendix), which is expected to lower ECT.

5.2 Spectral Line-shape of the External Quantum
Efficiency

As a next step, the effect of the structural modifications on the device performance is
investigated with the help of simple solar cells employing the D:C60 blends as active
layer. Note, that CT absorption is too weak to be detected directly by conventional
optical spectroscopy, thus, photocurrent measurements were employed. The solar cells
were fabricated using thermal evaporation under ultra-high vacuum, where D:C60
blend represents the active layer in the device stack: ITO (90 nm)/ MoO3 (2 nm) /
D:C60 (50 nm) / BPhen (8 nm) / Al (100 nm). The donor was diluted at around 5 wt%
in the C60 acceptor matrix, allowing the change in device performance to be regarded
solely as the result of structural modification of the donor.

Figure 5.2a compares the EQE and IQE spectra of D1:C60 and D8:C60. The
substitution of oxygen by sulfur in the pyranylidene core of the donor leads to an
increase of the EQE by roughly 1 order of magnitude in the spectral region of CT
absorption. To elucidate the effect of molecular structure on the EQE, one has to
distinguish contributions from the IQE and the absorptance (A) to the EQE
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(EQE � A� IQE). To estimate the IQE in this region, the EQE spectra were
determined under reverse bias voltage (0 V to �3.5 V) as shown in Figure 5.3.92,147 As
the reverse bias increases, charge collection and charge dissociation efficiencies improve
(ηcol and ηdiss, respectively) until the photocurrent saturates at �3.5 V. In that case,
the IQE is approximately 1 (IQE � ηcol � ηdiss) and therefore the active layer A can be
estimated from the EQE. Consequently, the “IQE” at different bias can be estimated
by dividing the EQE spectra at different bias by A (�EQE at �3.5 V). “IQE” spectra
at different voltages are shown in Figure 5.4. Note that, as the absolute voltage bias
increases, the voltage-dependent shot noise is increasing as well and can therefore limit
sensitivity of the EQE and IQE for wavelengths above 1500 nm. The IQE spectra at 0 V
are presented in Figure 5.2a showing a minor energy dependence of 2 % to 12 % in the
case of D1, and 17 % to 5 % in the case of D8. This confirms the excitation energy
independence (spectral flatness) of the IQE can be assumed in those systems in good
approximation. The same assumption was validated for the two systems
PBTTT:PC71BM and PBDB-T:ITIC Chapter 4, however, it is often debated in
literature.49–51,91–93 As the bias increases, the spectral flatness of the IQE increased for
all investigated blends as shown in Figure 5.4.

a b

c

Figure 5.2: a EQE spectra of D8:C60 (solid line) and D1:C60 (dashed line) measured under short-circuit
condition. The IQE spectra under short circuit condition were estimated as the ratio of the EQE at zero
bias and saturated EQE at �3.5 V in reverse bias. b CT state absorption cross-sections σCT of all D:C60
blends as calculated from the absorption coefficient spectra. The latter were obtained from the saturated
EQE spectra under reverse bias. Solid lines represent methylated donors and dashed lines nonmethylated
donors. c Characteristic molecular features of the donor molecules, where solid lines represent methylated
compounds and dashed lines nonmethylated compounds.
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Figure 5.3: EQE of the D:C60 solar cells containing the donor materials D1 to D8 under reverse bias
ranging from 0 V to �3.5 V.

Figure 5.4: Calculated “IQE” of D:C60 photodiodes under reverse bias ranging from 0 V to �3.5 V. The
IQE was approximated by dividing the experimental EQE by EQE(−3.5 V), since A � EQEp�3.5 Vq and
IQE=EQE/A. Measurement limitations, caused by either a low light intensity in the visible spectral range
or by the voltage-dependent shot noise, make it impossible to obtain a smooth EQE under applied bias.
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To confirm the obtained IQE at 0 V in the visible spectral range by a second method,
transfer matrix simulations were performed for wavelengths between 425 and 520 nm,
where only C60 absorbs and the unknown optical constants of the donor materials can
be neglected. The simulated absorptance of the active layer was then used to calculate
the IQE. The IQE values at 0 V and the respective standard deviations obtained from
both methods (EQE under reverse bias�method “S”; and transfer matrix simulations
� method “T”) are compared in Figure 5.5 for the same spectral range showing good
agreement. As illustrated in Figure 5.2a, the photodiode with D8 shows both an
increased EQE and IQE in comparison to D1. At 1600 nm, the difference in IQE is
roughly 2-fold, whereas the EQE is approximately 9 times higher for the photodiode
with D8. Therefore, the improvement in EQE for D8 is predominantly the result of a
stronger charge transfer absorption rather than an improvement in the IQE. It is worth
mentioning that the moderate increase in IQE is likely caused by an increase of the
charge carrier mobility of the D8:C60 blend. In literature, sulfur substitution in the
bipyranylidene core has led to higher conductivity of the D5:TCNQ over the D1:TCNQ
blend. Similarly, an increase of the IQE to 18 % was observed for the D5:C60 blend in
comparison to 14 % for the oxygen analogue blend D1:C60 (cf. Figure 5.5). As a next
step, the absorption coefficient α of each D:C60 blend is estimated from the active layer
absorptance A (�EQE at �3.5 V). Using the Beer–Lambert law, it is often
assumed131,148,149 that A � 2αd, where d is active layer thickness. In Chapter 4, it was
shown that even sub-bandgap absorption can be influenced by low-finesse cavity effects
so that A does not necessarily follow the spectral line shape of α. Using the optical
simulation methods presented earlier, α was determined from the EQE at �3.5 V
taking those interference effects into account. To further obtain the absorption
cross-section from α, the number density of CT states is estimated as the number
density of the donor molecules. In diluted D:A blends, aggregation effects of the donor
are absent,131,149 and hence each donor molecule is involved in CT complexation with
C60. Figure 5.2b shows how the line shape of the absorption cross-section depends on
the core and side-chain substitution.

a b

Figure 5.5: a The IQE and its standard deviation for photodiodes using the D:C60 blends as photoactive
layer. b Characteristic features of the donor molecules used in the active layer blends with C60. Filled and
hollow markers represent the IQE obtained by two independent methods (methods T and S). The IQE
corresponding to filled markers was determined from the experimental EQE (method S) and the simulated
absorption of the active layer using the transfer matrix method (method T).
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5.3 Influence of Substitution on Charge Transfer
Absorption

The CT absorption spectra can be quantitatively characterized by ECT, the oscillator
strength fσ, and the reorganization energy λDA of the D:A complex, which are depicted
in Figure 5.6. Those parameters are extracted by fitting a Gaussian to the low energy
part of the absorption cross-section spectra using Eq. 5.1,

σpEqE � fσ?
4πλDAkBT

exp�pECT � λDA �Eq2
4λDAkBT

(5.1)

ECT � λDA is the energy at the peak position of the low energy Gaussian and is used to
quantify the redshift upon molecular functionalisation. More details on the Gaussian
fit are given in Section 2.1.4. The reorganization energy λDA equals the energy required
to rearrange the nuclei of D, A, and their chemical environment for an intermolecular
charge transfer to occur. fσ correlates with the electronic coupling between D and A in
the CT state.162 In disagreement with the stabilization of the HOMO of the neat donor
upon sulfur substitution in the core, no systematic increase in ECT was observed (cf.
Figure 5.6a). Figure 5.6b shows that the core substitution with sulfur increases the
oscillator strength fσ. It appears that the increased orbital features of the donor
molecules and the related extension of the orbital perpendicular to the π-system
increase the overlap between the HOMO of the donor and the LUMO of the acceptor as
previously described.163 Therefore, core substitution results in a beneficial increase of
fσ, making the donors D5:D8 potentially superior to the donors D1:D4 for achieving
higher responsivity when used in cavity-enhanced photodetectors. Moreover, a
systematic increase in the reorganization energies λDA upon substitution with sulfur
was observed. This can only be partially explained by a stronger localization of the
HOMO. Estimations of λDA from single molecule DFT calculations give much smaller
values. The larger λDA for molecules D5:D8might be related to the presence of different
donor rotamers being energetically accessible at room temperature. The availability of

a b c d

Figure 5.6: CT state energy ECT (a), oscillator strength fσ (b) and reorganization energy λDA (c) as
a function of the donor molecular structure with increasing sulfur substitution from bottom to top for all
investigated D:C60 blends. d Characteristic molecular features of the D molecules, where squares represent
methylated donors and circles nonmethylated donors.
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multiple local energetic minima at the donor interface could lead to a broadening of the
low-energy CT band edge independent of intramolecular reorganization effects.
Side-chain substitution in the form of methylated thienyl or phenyl groups decreases
ECT and thus redshifts σCT. In this case, methyl groups increase the π-electron density
without influencing the rotation of the outer phenyl or thienyl rings. In summary, the
D:C60 blends with the donors D6 and D8 combine the strong redshift of methylated
compounds together with a high oscillator strength fσ of the sulfur substituted donor
materials.

5.4 Cavity Enhanced Near-Infrared Detectors

D8 was further processed in a new generation of cavity-enhanced NIR photodetectors
based on CT absorption. The photodetectors comprise a photoactive blend which is
sandwiched between a fully reflective (100 nm) and a semireflective (25 nm) silver
electrode. Transparent doped layers were employed as optical spacers to push the
D8:C60 layer into the optical field maximum of the microcavity device. In this way, CT
absorption is amplified within a narrow spectral range. The optimal cavity length was
estimated with the help of transfer matrix simulations such that the resonance
wavelengths of the photodetectors span the entire CT absorption band of D8:C60 (see
Figure 5.7). The EQE maxima within the photodetector series follow the line shape of
the respective photodiode’s EQE which exhibits minimal interference effects. As
depicted in Figure 5.2a, using D8 leads to an overall increase of the EQE as compared to
the previously used D1 by Siegmund et al.14 While the photodetectors perform equally
well at 800 nm, the EQE of the novel photodetector series declines slower toward longer
wavelengths. At 1600 nm, the EQE has improved by approximately a factor of 9, while
the IQE has only increased by a factor of 2. The majority of EQE improvement is
therefore the result of an improved absorption of the active layer. Given the overall

Figure 5.7: EQE of solar cells with minimal interference (dashed lines) and cavity enhanced photodetectors
(solid lines) using D1 (gray) and D8 (red). The photodetector lines represent devices of different active layer
or transport layer thicknesses leading to one characteristic cavity peak for each device. The photodetector
series with D8 shows a higher peak-EQE toward long wavelengths, which is the result of increased redshift
and increased CT absorption.
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higher EQE of the new series and its redshift by 100 nm, the new photodetector series
covers the NIR between 810 nm to 1665 nm. Line widths of only 50 nm and a quality
factor Q of 33 are observed at 1665 nm, as well as narrower resonances with line widths
of 38 nm and Q � 24 for more blueshifted resonances (see Lorentz fit to the EQE in
Figure 5.8). This most redshifted photodetector settles among the highest detection
wavelength obtained for organic sensors so far.149 As the ultimate measure for the
photodetector performance, the specific detectivity D� (in units of cm

?
Hz{W) is

determined from the EQE and the noise current inoise (in units of A{?Hz) at 1 kHz of
three representative photodetector with resonances at 908 nm, 1150 nm and 1665 nm.
As previously discussed in Section 2.3.4, D� takes into account the device area (A) and
the electrical bandwidth (B) of the noise measurement.

D� � eλ
?

A B EQE

hc inoise
(5.2)

inoise was measured as the noise spectral density of the photodetectors in the dark from
the Fourier transform of the current versus time as shown in Figure 5.9. At frequencies
below 200 Hz, the photodetector’s noise is dominated by flicker noise that is strongly
frequency dependent. D� was therefore evaluated from the noise current at 1 kHz,
where the noise current is the least affected by flicker noise, but still within the
bandwidth of the preamplifier. At zero bias and 1 kHz, the photodetectors have
typically a low noise floor, ranging between 30 fA{?Hz to 100 fA{?Hz that is valid up
to the −3 dB cutoff frequency of the detector. The photodetector at 1150 nm has the
lowest noise floor with remarkable 30 fA{?Hz and shows the highest D� in the order of
2� 1010 cm

?
Hz{W. The most redshifted detector at 1665 nm has a D� of

3� 108 cm
?

Hz{W.
In the next step, D� was evaluated at 0.5 V reverse bias. As apparent from

Figure 5.9, the devices show different voltage dependence of the noise current under
applied bias. As expected, the noise level increases with applied bias, as the shot noise
component becomes dominant. At the same time, the EQE increases under applied
reverse bias as previously shown. To account for the voltage dependence of the EQE,
the ratio of the photocurrent response with and without bias is taken as obtained in
voltage-dependent EQEmeasurements from Figure 5.3.

The detector at 908 nm, with the thinnest active layer (25 nm), demonstrates the
highest increase in the noise current by 2 orders of magnitude under 0.5 V reverse bias.
This leads to a drop in D� to 6� 109 cm

?
Hz{W. The detector with the detection

wavelength of 1150 nm has a 75 nm thick active layer and shows almost no increase in
the noise current under applied bias. This leads to a 2-fold increase of the D� to
4� 1010 cm

?
Hz{W as the result of improved collection efficiency under applied bias.
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a b c

Figure 5.8: Linewidth (FWHM) of representative photodetectors at 908 nm (a), 1150 nm (b) and 1665 nm
(c) determined by a Lorentz-fit to the resonance mode. Quality factor Q determined as center frequency
divided by FWHM. To fit the EQE of the resonance peak at 1665 nm beyond 1700 nm without being
limited by the wavelength range of the sensitive EQE measurement, the experimental EQE is extrapolated
to wavelengths between 1700 nm to 1850 nm.

a b c

Figure 5.9: Voltage dependent noise current spectral density of photodetectors with resonances at 908 nm
(a), 1150 nm (b) and 1665 nm (c). The black line shows the noise floor of the preamplifier used either at
109 V{A or 107 V{A gain.

5.5 Conclusions
Molecule D1 is known as a promising material for application in cavity enhanced
narrowband NIR light detectors due to the formation of a broad and severely redshifted
CT absorption when combined with C60, covering almost the full NIR spectral region.
In this chapter, results have been presented showing that targeted modifications to this
molecule can further increase and redshift the CT absorption. On the one hand, core
functionalization has led to an increased out-of-plane extension of the HOMO which
presumably expands the overlap with the LUMO of the acceptor, and thus, the CT
state oscillator strength is increased. On the other hand, methylation of the side chains
destabilized the HOMO and redshifted the CT absorption by 100 nm. The donor
material 2,2�,6,6�-tetra-(2-methylthienyl)-4,4�-bithiopyranylidene combines an
increased CT absorption strength with one of the largest redshifts observed.
Cavity-enhanced NIR photodetectors using this new donor show an operational
window of 810 nm to 1665 nm and a line width of only 50 nm for one of longest
wavelength detecting organic photodiodes reported so far.
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Chapter 6
Universal Urbach Rule for Organic
Semiconductors

In crystalline semiconductors, absorption onset sharpness is characterized by
temperature-dependent Urbach energies. These energies quantify the static,
structural disorder causing localized exponential-tail states, and dynamic disorder
from electron-phonon scattering. Applicability of this exponential-tail model to
disordered solids has been long debated. Nonetheless, exponential fittings are
routinely applied to sub-gap absorption analysis of organic semiconductors. In this
chapter, the sub-gap spectral line-shapes of organic semiconductors and their blends
are discussed with the help of temperature-dependent quantum efficiency
measurements. The sub-gap absorption coefficient in the spectral range of singlet
exciton absorption is found to be universally dominated by thermal broadening at
low photon energies. The associated Urbach energy equals the thermal energy,
regardless of static disorder. This is consistent with absorptions obtained from a
convolution of Gaussian density of excitonic states weighted by Boltzmann-like
thermally activated optical transitions. A simple model is presented that explains
absorption line-shapes of disordered systems, and a strategy to determine the
excitonic disorder energy is provided. This chapter elaborates on the meaning of the
Urbach energy in molecular solids and relates the photo-physics to static disorder,
crucial for optimizing organic solar cells for which a new radiative open-circuit
voltage limit is presented. A summary of the work in this chapter was published by
the authors in Nature Communications in 2021. C. Kaiser and A. Armin designed
the experiments. C. Kaiser performed most measurements, analyzed the data, and
performed optical modeling. O. J. Sandberg developed the theoretical model. O. J.
Sandberg and A. Armin conceptualized the idea. C. Kaiser, O. J. Sandberg and A.
Armin interpreted the data. N. Zarrabi assisted with external quantum efficiency
measurements. W. Li fabricated the devices. A. Armin and P. Meredith provided the
overall leadership of the project.

C.Kaiser,O. J. Sandberg,N. Zarrabi,W.Li, P.Meredith,A.ArminA Universal Urbach
Rule for Disordered Organic Semiconductors, Nat. Commun. 12, 3988 (2021).
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Coefficient

6.1 Disorder Induced Broadening of the Sub-gap
Absorption Coefficient

Depending on their energetic disorder, semiconductors tend to absorb more or less light
at photon energies below the bandgap (sub-gap absorption). In the case of inorganic
semiconductors, the absorption coefficient (α) often displays an exponential tail below
the bands. These so-calledUrbach tails increase their broadeningwith temperatureT .28
The sub-gap α generally follows the expression

αpE, T q9 exp
�E �EonpT q

EUpT q
	

, (6.1)

where E is the photon energy, Eon is the energy onset of the tail and EUpT q is the
Urbach energy quantifying the total energetic disorder of the system. Depending on the
semiconductor, EU generally varies between 10 meV to 100 meV at room
temperature.29,33–35 In banded semiconductors, it has been suggested that
EUpT q � EU,DpT q �EU,S, where EU,DpT q is a temperature-dependent dynamical
disorder term related to the thermal occupation of phonon states,34,164 while EU,S is
the width of the assumed exponential distribution of sub-gap states induced by static
disorder.165 However, a unifying theory describing the density of states and their
absorption leading to Urbach tails for materials of different chemical bonding and
morphology is still lacking.36,166

In non-excitonic amorphous semiconductors, the definition of a clear bandgap edge
is often difficult due to large static disorder inducing sub-gap broadening. Organic
semiconductors, which are excitonic and partially amorphous, display even more
complex sub-gap features including intermolecular hybrid charge transfer (CT) states
in technologically-relevant blends of electron donors (donor, D) and acceptors
(acceptor, A), excitonic features167 and trap states84. CT states give rise to light
absorption with Gaussian sub-gap spectral line-shapes. This has been attributed to
intermolecular D:A transitions described by non-adiabatic Marcus theory41 or its
extensions42,74,140,168. More details are provided in Section 2.1.4 Whether a similar
description applies for sub-gap absorption by intramolecular excitons is unclear. With
the rise of NFA semiconductors with small energetic offset relative to donors169, the
lack of CT state sub-gap spectral features in D:A blends has led to the increased usage
of Urbach energies to understand disorder and sub-gap photo-physics. As a rule of
thumb, it has been assumed that low Urbach energies are indicative of lower static
disorder and hence expected to result in higher performance such as reduced charge
recombination and higher charge carrier mobilities in a photovoltaic device.170–172
More details on static disorder are provided in Section 2.1.5. Due to the complex and
often convoluted spectral features in sub-gap light absorption of organic
semiconductors, however, the Urbach energy carries significant ambiguity. Moreover, a
long-standing debate27,139,173 on the distribution of density of states (DOS) defining
the static disorder in organic semiconductors has been revived: Does the DOS follow a
Gaussian or an exponential distribution? With no doubt, the origin of the static
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disorder is of great importance for the classification and future development of organic
semiconductors and their electro-optical properties. However, it has remained unclear
how this important figure-of-merit relates to the Urbach energy.

6.2 Definition of the Apparent Urbach Energy

Thespectral lineshapeofαandtheabsorptanceA inthesub-gaptailaregenerallyrelated
via a modified Beer-Lambert law, A � f̃αd, where d is the thickness of the active layer
and f̃ is an energy-dependent correction factor accounting for optical interference.174,175
For optically thin films with layer thicknesses of 100 nm to 150 nm, f̃ is often assumed
to be close to 1 (negligible optical interference effects). Moreover, it has been shown for
efficient D:A systems that the internal quantum efficiency (IQE) is generally excitation
energy independent, hence EQE9A and the spectral line shape of the EQE follows
α.49–51,91 Based on this underlying premise, EQE measurements have been frequently
employed in the past to determine EU. However, a previous lack of sensitivity in the
EQEmeasurements has led to speculative assumptions about the spectral range of trap
state absorptions, exponential tails and associated EU in organic semiconductors. By
choosing a small fitting range, exponential fits can be forced on toEQE spectra resulting
in rather arbitrary EU dependent on the spectral range of the fitting. More insight can
instead be gained from the apparent Urbach energy (Eapp

U ) here defined as:

Eapp
U pEq �

�d lnpEQEq
dE

��1
(6.2)

For a true exponential tail of the form Eq. 6.2, Eapp
U is constant in the sub-gap spectral

region and given by EU.

6.3 Apparent Urbach Energy Spectra

Figure 6.1 shows the EQE and Eapp
U for a wide range of organic semiconductor D:A

blends. The material systems studied here can be generally grouped according to the
D:A energy offset or, in other words, the difference between the CT state energy ECT
and the optical bandgap Eopt. Here, Eopt is typically equal to the local exciton (LE)
energy of the lower-bandgap component (D or A). Large offset systems, such as
PCDTBT:PC71BM, BQR:PC71BM and PBDB-T:PC71BM (Figure 6.1a), show three
distinct spectral ranges for energies below the gap: (i) mid-gap trap state absorption at
energies below 1.2 eV, (ii) CT state absorption in the mid-range (�1.2 eV to 1.5 eV) and
(iii) LE absorption above 1.5 eV. For mid-gap and CT state absorption,
Gaussian-shaped EQE features were observed as previously84 reported in literature.
The EQE associated with CT states and mid-gap states were routinely fitted in
accordance with the standardMarcus charge-transfer formalism. The associated EQEs
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are given by EQECTpEq � gpE, ECT, λCT, fCTq and EQEtpEq � gpE, Et, λt, ftq for
CT and mid-gap state absorption, respectively, where

gpE, Ej , λj , fjq � fjE
�1p4πλjkT q�1{2 exp

�
� pEj � λj �Eq2

4λjkT

	
. (6.3)

Here, fj , Ej and λj are fitting parameters. Because of the Gaussian line-shape, the
corresponding Eapp

U in the spectral range of CT absorption is expected to be strongly
energy-dependent and given by Eapp

U � 2kTλCT{pECT � λCT �Eq; this is highlighted
by the black solid line in Figure 6.1a. Here,ECT and λCT, as obtained from theGaussian
fits,aretobeconsideredtheeffectiveenergyandreorganizationenergyofCTstateswhich
includes theeffectof staticdisorder42,74 asdescribed inmoredetail inSection2.1.5on the
Marcus theory. At higher energies corresponding to the sub-gap LE absorption regime,
in turn, Eapp

U has a narrow parabolic shape with a sharp minimum at roughly 40 meV to
50 meV for the large offset blends.

a b c

Figure 6.1: EQE and Eapp
U for organic D:A blends with different energetic offsets between ECT and Eopt.

Schematic illustration of the energetic offset (Eopt �ECT) decreasing from left to right. Gaussian fits in
the spectral range of CT state and trap state absorption were performed where possible. For low offset
blends PM6:Y6, PM6:ITIC and PBDB-T:EH-IDTBR, the EQE tail has the form exppE{kT q, and Eapp

U
roughly equals kT in the spectral range that is dominated by the absorption of the acceptor. For large
offset material systems, such as BQR:PC71BM, PBDB-T:PC71BM and PCDTBT:PC71BM, Eapp

U shows a
Eapp

U � 2kT λCT{pECT � λCT �Eq dependence in the spectral range of CT absorption.
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a b c

Figure 6.2: a EQE and Eapp
U for a series of m-MTDATA sensitized PC71BM solar cells. The widest energy

range over which Eapp
U equals kT was observed for 0.1 mol% m-MTDATA in PC71BM due to improved

exciton dissociation in comparison to neat PC71BM. Examples for EQE tails partially dominated by b, the
neat donor absorption or by c, the neat acceptor absorption hence showing Eapp

U � kT in some parts of the
spectrum. EQE spectra of PTTBAI:PC71BM and PBTQ(OD):PC71BM were taken from literature.176

The EQE and Eapp
U of blends with a smaller offset between ECT and Eopt

(PTB7-Th:ITIC, PBDB-T:ITIC and PBDB-T:IT-4F) are shown in Figure 6.1b. In this
case, the Gaussian CT state line-shape is barely recognizable, and the α tail in the
spectral range of LEs is visible over a wider spectral range. While Eapp

U retains its
parabolic shape in the LE sub-gap absorption regime, because of the wider range, the
minimum value of Eapp

U is significantly reduced to values close to kT . Finally, the EQE
and Eapp

U of blends in low-offset D:NFA systems (PM6:Y6, PM6:ITIC and
PBDB-T:EH-IDTBR) are shown in Figure 6.1c. In these blends, the CT state
absorption can no longer be discerned from the EQE spectra. Instead, the α tail in the
spectral range of LEs remains dominant down to the energy range of mid-gap state
excitation. In this limit, the Eapp

U in the LE-dominated sub-gap absorption range
finally saturates and reaches a broad plateau where Eapp

U � kT .
The above experimental observation for low offset D:NFA systems suggests the

presence of an intramolecular sub-gap absorption regime where α9 exppE{kT q, but
that its spectroscopic observation is obstructed by CT absorption in systems with
larger offsets. To further clarify this, neat D or A systems without an intermolecular CT
absorption were investigated as shown in Figure 6.2. In the case of neat PC71BM, a
narrow spectral range where Eapp

U � kT can be identified (see Figure 6.2a). This is
consistent with photothermal deflection spectroscopy results150 of neat PC61BM,
confirming the underlying assumption that the spectral line shape of the EQE follows α
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Energy

in the sub-gap. In PC71BM, the spectral range where Eapp
U � kT is limited by deep

trap-state absorption at low energies, while the poor exciton dissociation in the neat
phase (translating into a low IQE) strongly reduces the EQE range at higher energies.
However, the spectral range where Eapp

U � kT can be increased by adding 0.1 mol% of
the wide-gap donor m-MTDATA, resulting in enhanced exciton dissociation. Since
m-MTDATA:PC71BM is characterized by a low ECT, the LE tail of PC71BM can be
clearly distinguished from CT states as shown in Figure 6.2a. By further increasing the
donor content, the CT state absorption increases and the parabolic shape of Eapp

U
emerges. This explains the parabolic shapes seen for large offset systems in Figure 6.1a,
which appear when the α tail in the spectral range of LE absorption becomes
convoluted with CT state absorption. This is further supported by results shown in
Figure 6.2b for neat NFAdevices comprising ITIC and IT-4F active layers, respectively.
Here again, exponentially decaying α tail regions with Eapp

U � kT were observed.
To check if Eapp

U � kT is also true for donor materials has proven more challenging,
since the neat donor absorption is often convoluted with deep trap-state absorption.
This convolution effectively increases Eapp

U above kT as shown for PBDB-T in
Figure 6.2c, where Eapp

U � 30 meV. The problem can be circumvented by using
narrow-gap polymer donors such as PBTQ(OD) or PTTBAI, which show strongly
redshifted EQE spectra when blended with PC71BM as previously reported.176 As
shown in Figure 6.2c, Eapp

U is around 22 meV in this case. While deviations of the type
Eapp

U ¡ kT � 10 meV are due to the presence of other absorbing species like CT states
or deep trap states, small deviations of Eapp

U around kT are likely caused by optical
interference in the solar cell.174,177

6.4 Influence of Optical Interference on the
Apparent Urbach Energy

To demonstrate the presence of optical interference, PM6:ITIC and PM6:Y6 based
solar cells were fabricated with different active layer thicknesses. Figure 6.3 illustrates
the EQE and Eapp

U spectra of a series of PM6:ITIC and PM6:Y6 solar cells showing
weak thickness dependence of the sub-gap features. In the spectral range of LE
absorption, Eapp

U varies between kT � 2.3 meV to kT � 5.8 meV. The interference
pattern depends on the optical constants of the different layers in the thin-film stack
and their thicknesses. In optimized solar cells with minimal parasitic absorption, the
active layer is the predominant absorber contribution to the photocurrent spectrum.
Based on the optical constants of the full stack, optical transfer-matrix simulations can
determine the absorptance of the active layer, which equals the EQE in the absence of
any spectral dependence of the IQE. For the optical simulation, a perfectly exponential
sub-gap absorption-coefficient was assumed with Eapp

U � kT for E   1.55 eV, while for
E ¡ 1.55 eV the experimental above-gap absorption coefficient of a 200 nm thick
PM6:ITIC film on silicon is used and its refractive index as determined from
spectroscopic ellipsometry over the entire wavelength range. This hypothetical
absorption coefficient is shown in Figure 6.4a. By changing the layer thickness of

92



Chapter 6 Universal Urbach Rule for Organic Semiconductors

PM6:ITIC in the simulation, the spectral line-shape of the absorptance changes as
demonstrated by the spectrum of Eapp

U in Figure 6.4b. In the experiment, Eapp
U � kT

was observed between 1.6 and 1.3 eV. In this spectral range, the simulated Eapp
U shows

deviations of +1 to −2 meV around kT , while discontinuities around 1.55 eV are due to
the manual stitching of the experimental and fictional sub-gap absorption coefficient.
As shown earlier, the fluctuation in the experimental Eapp

U � kT for PM6:ITIC devices
lies in between +3 to −3 meV and are therefore very close to the simulated deviations.
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Energy

a b

Figure 6.3: For different active layer thicknesses, nearly exponential EQE tails are observed for PM6:ITIC
(a) and PM6:Y6 (b) based solar cells in the spectral range of sub-gap LE absorption (i.e., 1.4 eV < E < 1.6 eV
for PM6:ITIC and 1.1 eV < E < 1.3 eV for PM6:Y6). In this spectral range, Eapp

U is close to kT for all
thicknesses of PM6:ITIC and PM6:Y6 as shown in the inset (a) and (b), respectively. Small deviations from
kT can be attributed to weak optical cavity effects.

a b

Figure 6.4: a Absorption coefficient (α) used in transfer-matrix simulations to calculate the absorptance
of the active layer (device architecture ITO (100 nm)/ZnO (30 nm)/active layer/MoO3 (8 nm)/Ag (100
nm)). b Sub-gap Eapp

U for different active layer thicknesses (50 to 300 nm) showing energy and thickness
dependence within +1/−2 meV range around kT for 1.3 eV < E < 1.6 eV. Optical cavity effects, included
in the transfer-matrix simulation, are thus expected to cause spectral dependence of Eapp

U in a real device.
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6.5 Temperature-dependent External Quantum
Efficiency

To verify that the exponential α tails in the spectral range of LEs are characterized by
Eapp

U � kT , T -dependent EQE measurements were performed on
PBDB-T:EH-IDTBR, PM6:Y6 and PM6:ITIC, and the neat materials IT-4F and Y6.
Figure 6.5a shows the normalized EQE and the respective Eapp

U spectra of three
representative systems: PBDB-T:EH-IDTBR, PM6:Y6 and IT-4F. The remaining
material systems are provided in Appendix B.1. Depending on T , two different regimes
can be distinguished in the sub-gap absorption tail: At high T , Eapp

U spectra show a
T -dependent plateau only influenced by interference effects and the shift in the
absorption onset. At low T , however, the Eapp

U spectra generally attain a parabolic
shape suggesting that the LE tail becomes convoluted with CT and/or mid-gap states.
The thermal activation of the exponential α tail is then finally illustrated in Figure 6.5b
where Eapp

U at a constant energy in the plateau region is shown as a function of kT for
the systems studied. It was found that Eapp

U at higher temperature is linear and equals
kT � 2.5 meV, where the offset arises from interference effects. At lower T , Eapp

U
eventually deviates from linearity, as the spectral shape is increasingly affected by
other absorbing species. For example, the low-energy tail of the CT absorption may
emerge at low T owing to its distinctly different T -dependence compared to LE
absorption.44 Moreover, the absorption of trap states is expected to play a role as well,
while little is yet known about their spectral broadening as a function of T .

For comparison, T -dependent EQE spectra were experimentally obtained for a
commercial a-Si:H thin-film solar cell as shown in Figure 6.6. In banded semiconductors
such as a-Si:H, the total energetic disorder is EUpT q � EU,DpT q �EU,S consistent with
the presence of an exponential DOS of tail states (defined by the associated width
EU,S). In Figure 6.3b, two regimes can be distinguished for a-Si:H comprising the
low-temperature saturation of EU to EUp0q � 40 meV and thermal activation at higher
temperatures with an offset of roughly 21 meV from kT in agreement with previous
reports.178–180 In contrast, for the organic semiconductor systems in Figure 6.3b, an
extrapolation to T � 0 implies that EU,S � 0, suggesting the lack of an exponential tail
state distribution in these systems. These observations raise the question why excitons
in organic semiconductors follow α9 exppE { kT q resulting in Eapp

U � kT and what is
the role of static disorder in shaping the Eapp

U spectra.

6.6 Modelling the Sub-gap Absorption Coefficient
In the context of Marcus formalism for non-adiabatic charge transfer in the
high-temperature limit, the presence of Eapp

U � kT in the spectral range of LE
absorption may be rationalized in terms of non-equal potential energy surfaces for the
excited state and the ground state. By assuming a significantly more diffuse or
delocalized excited state, compared to the strongly localized ground state, a much
smaller reorganization energy is obtained for the excited state in comparison to the
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a b

Figure 6.5: a Normalized sub-gap EQE and Eapp
U spectra of inverted PM6:Y6, PBDB-T:EH-IDTBR and

neat IT-4F solar cells at different temperatures. Independent of temperature, Eapp
U spectra show a local

minimum (solid markers) at a constant energy within the spectral range dominated by exciton absorption.
b Minimum Eapp

U as a function of kT for all tested materials systems including a commercial a-Si:H thin-film
solar cell.

ground state.181–183 In this limit, it is expected that
αLEpEq � αsat exprpE �E1

optq{kT s for E   E1
opt in the case of a singlemode transition

with an associated optical gap E1
opt. Here, αsat includes a 1{E dependence, however,

the sub-gap spectral line-shape is dominated by the Boltzmann factor. For above-gap
absorption E ¡ Eopt, it is assumed that αLEpEq � αsat. This simplification of αLEpEq
for a singlemode absorption essentially follows a Miller-Abrahams (MA) type
charge-transfer formalism, sometimes used to describe exciton migration184, but more
commonly used for charge transport185 in organic semiconductors. More details on the
Marcus theory in the case of unequal reorganization energy resulting in the singlemode
αLE are provided in Appendix B.2.

To calculate the multimode αLE, the static disorder of excitons in the bulk has to be
considered via a DOS given by gDOS pE1

optq. The total absorption coefficient is then
calculated by integrating over all absorbing sites with the energy E1

opt and the
absorption coefficient αLEpE, E1

optq in the form

αLEpEq �
»

αLEpE, E1
optqgDOSpE1

optqdE1
opt. (6.4)

In disordered organic semiconductors, the energetic distribution of E1
opt is often

assumed to beGaussian (centred aroundEopt), with a width σs describing theGaussian
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a b

Figure 6.6: a Normalized sub-gap EQE of a commercial a-Si:H solar cell at different temperatures. b
Apparent Urbach energy Eapp

U as calculated from the sub-gap EQE. The dashed line indicates the energy
at which energy Eapp

U was evaluated.

energetic disorder. In banded crystalline semiconductors, the so-called tail states below
the bands caused by static disorder, are often modelled based upon an exponentially
distributed DOS with the width W . The expressions for the Gaussian and exponential
DOS were previously discussed in Eq. 2.18 and Eq. 2.19, respectively, in Section 2.1.5
on static disorder. For an exponential DOS, it is assumed that there are no tail states
for E1

opt ¡ Eopt and hence the upper bound is Eopt. Solving the integral in Eq. 6.4 for
an exponential tail DOS with the width W , the associated absorption coefficient reads

αpEq � αsat exp
�E �Eopt

W

	�1� exp
�

E�Eopt
kT � E�Eopt

W

	
W
kT � 1

� 1
�

. (6.5)

It isclearthatEq.6.5 isdominatedbytheexponentandhenceαpEq followsanexponential
decay, where Eapp

U � W as shown in Figure 6.7. This was indeed not observed in the
experiments. For a Gaussian DOS, in turn, the associated absorption coefficient reads

αLEpEq
αsat

� 1
2

#
exp

�
E �Eopt � σ2

s
2kT

kT

��
1� erf

�
E �Eopt � σ2

s
kT

σs
?

2

��

� erf
�E �Eopt

σs
?

2

	
� 1

+
,

(6.6)

where σs is the standard deviation of the Gaussian DOS and Eopt is the associated
mean exciton energy. Since Eopt corresponds to the optical gap, it is determined by the
first excited singlet state of either donor (Eopt � ED,LE) or acceptor (Eopt � EA,LE) in
a blend. At E ! Eopt, Eq. 6.6 reduces to the exponential part and Eapp

U therefore equals
kT . For E ¥ Eopt, the error functions govern the spectral shape at the absorption edge
as demonstrated in Figure 6.10. To bring this part of the analysis to a conclusion,
assuming a MA-type singlemode absorption coefficient (arising from Marcus theory
with unequal potential for ground state and excited state), and a Gaussian DOS is in
accordance with the experimental observations that Eapp

U � kT at E ! Eopt. To
validate Eq. 6.6, T -dependent EQE spectra of neat Y6 and IT-4F were simulated as
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a b

Figure 6.7: Calculated absorption coefficient based on MA-type rate constants normalized to αsat. a
α derived for an exponential DOS (red lines; normalized at E � Eopt) and for a Gaussian DOS (black
lines) at kT between 13 to 30 meV. The green line is a guideline for the eye illustrating a function that
is proportional to exppE { kT q. b α derived from the MA-type rate constant using an exponential DOS
showing that Eapp

U � W in the limit E " Eopt.

demonstrated in Figure 6.8a. Using neat materials avoids the influences of CT states in
the low-energy tail although trap states are always present at lower energies. In
consequence, σs was estimated to 47.0� 0.7 meV for Y6 and 35.0� 2.6 meV for IT-4F
as illustrated in Figure 6.9. More fittings on room temperature EQE spectra of other
material systems are shown in the Figure 6.10. For blend systems, the full experimental
sub-gap EQE can be reconstructed assuming αpEq � αLEpEq � αCTpEq � αtpEq
constituting the exponentially decaying αLE according to Eq. 6.6 and the sum of two
Gaussian functions (CT states and deep trap states; see Eq. 6.3). In Figure 6.8b, the
model for PBDB-T:PC71BM is demonstrated using the parameters Eopt � 1.89 eV and
σs � 60 meV. PBDB-T:PC71BM belongs to the group of blends for which ECT ! Eopt
with ECT �Eopt � 0.45 eV. Nevertheless, the simplified model reproduces the strong
spectral dependence of the experimental Eapp

U , including the parabolic behaviour in the
LE absorption dominated spectral range. On the other hand, by keeping all other
parameters constant while increasing ECT with respect to Eopt, the emergence of the
Eapp

U � kT plateau at around 1.6� 0.1 eV can be reproduced.
In the absence of CT states, the above model predicts three sub-gap regimes of the

αLEpEq based on the dominant disorder mechanism as illustrated in Figure 6.8c. For
photon energies close to the gap (E ¡ Eopt � σ2

s kT ), Eapp
U is dominated by Gaussian

static disorder. In this regime, the absorption resembles a Gaussian-like shape, where
the steepness close to the gap is determined by σs, causing a redshift of the effective
energy gap with increasing σs. While Eapp

U does not directly represent σs at any energy,
a positive correlation between Eapp

U and σs is observed in this regime Figure 6.11. A
closer inspection suggests that Eapp

U is strongly energy dependent in this regime,
scaling with σs as Eapp

U pEq � 2σ2
s { pEX �Eq, for σs   4kT , where EX is a constant

independent of E. This explains the previously reported correlation between
morphological disorder and Eapp

U close to the absorption onset.171,186–188
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a b

c

Figure 6.8: The sub-bandgap EQE as a function of T (a) and ECT (b). Experimental (black lines) and
simulated (green lines) sub-gap EQE spectra of IT-4F and Y6. The line-shape of the experimental sub-gap
EQE of PBDB-T:PC71BM can be described as the sum of LE absorption, CT state absorption, and trap
state absorption: α � αLE � αCT � αt, with αLE given by Eq. 6.6 (Eopt � 1.89 eV, σs � 60 meV), while
αCT and αt are determined from their respective Gaussian fits. In the experiment, Eapp

U is well above kT ,
since Eopt � ECT ¡ 0.3 eV . Increasing ECT in the simulation results in Eapp

U Ñ kT between 1.5 eV to
1.7 eV. c Schematic representation of the disorder regimes dominating α in the absence of CT absorption
comprising (i) static disorder σs close to the band edge, (ii) thermal broadening, where Eapp

U � kT , and (iii)
deep trap state absorption well below the gap.

For E   Eopt � σ2
s

kT , however, the exponential term in Eq. 6.6 eventually starts to
dominate the spectral line shape of αLE. In this regime, the sub-gap absorption of LEs
is dominated by thermal broadening with Eapp

U Ñ kT , thus becoming independent of
σs. The transition between the static disorder dominated and the thermal broadening
dominated regime depends on σs and the temperature. This was simulated for the two
cases σs � 70 meV and σs � 100 meV as shown in Figure 6.11: For σs � 70 meV, Eapp

U
reaches kT at αpEq values 3 to 4 orders of magnitudes below αsat, while this is 6 orders
below αsat for σs � 100 meV at room temperature. Finally, at energies well below the
optical gap, αpEq eventually becomes dominated by deep trap state absorption,
resulting in an artificial increase in Eapp

U and a concomitant deviation from Eapp
U � kT .

Deep trap state absorption is typically observed 6 orders of magnitude below αsat
limiting the spectral range dominated by thermal broadening.

Based on these considerations, it is assumed that it is possible to observe
Eapp

U � kT only when σs   100 meV (see Figure 6.11). Other conditions that must be
met are: (i) the neat phase absorption of one component is spectrally separated from
the other neat phase absorption, as well as from the CT states and trap states; (ii) the
dynamic range of the EQE (or α) measurement is sufficiently wide to measure
photocurrent at wavelengths well below the absorption onset of the neat material
(E   Eopt � σ2

s
kT ); and (iii) optical cavity effects are not significant. Exponential

sub-gap EQE spectra previously reported in literature for BHJs often do not fulfill
these requirements, explaining reported Urbach energies much larger than kT .
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a b

Figure 6.9: a Static disorder σs and b the exciton bandgap energy Eopt obtained as fit parameters from
the simulated sub-gap absorption coefficient.

a b c

Figure 6.10: Normalized experimental (green lines) and simulated (black lines) EQE spectra measured
at 303 K for the low-offset system D:A systems PM6:Y6 (a), PM6:ITIC (b) and PBDB-T:EH-IDTBR (c).
Static disorder σs and the exciton band gap energy Eopt were obtained as fit parameters.

a b

Figure 6.11: Absorption coefficient derived for MA-type rate and Gaussian DOS characterized by
Eopt � 1.7 eV and σs � 0.07 eV (a) and σs � 0.1 eV (b) at room temperature. Purple and green colours
indicate α in the limit of E ! Eopt and E " Eopt, respectively. For E ! Eopt, α converges to an exponential
function with a slope described by Eapp

U � kT . For E " Eopt, α converges to 1 if normalized to αsat. The
larger σs, the more sensitive the EQE measurement must be to show that Eapp

U � kT at low energies. Roughly
6 to 7 orders of magnitude below αsat, deep trap state absorption typically dominates the spectrum as shown
experimentally. Hence, Eapp

U � kT cannot observed experimentally for σs ¥ 0.1 eV.
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Importantly, the Eapp
U spectra introduced here do not suffer from the short fitting

ranges of previous of EU measurements. In contrast, it was shown that an exponential
distribution of tail states cannot explain the sub-gap spectral line-shape associated
with singlet absorption, nor CT or trap state absorption in organic semiconductors.

6.7 Radiative Open-Circuit Voltage Losses

The presence of sub-gap absorption is known to induce radiative recombination losses
additional to those predicted by Shockley and Queisser (SQ) approach. While the
short-circuit current density (JSC) remains largely unaffected, the presence of sub-gap
absorption mainly translates into enhanced losses in the open-circuit voltage (VOC). In
general, the VOC can be expressed as VOC � V SQ

OC � ∆V RAD
OC � ∆V NR

OC , where V SQ
OC

represents the upper thermodynamic limit of the VOC based on the SQ model,
assuming perfect above-gap absorption and no sub-gap absorption. Furthermore,
∆V RAD

OC � V SQ
OC � V RAD

OC is the radiative loss induced by sub-gap absorption, while
∆V NR

OC � V RAD
OC � VOC is the non-radiative loss. Here, V RAD

OC is the radiative limit of the
VOC corresponding to the expected VOC in the absence of non-radiative losses. In
accordance with detailed balance, it is expect that V RAD

OC � kT {q ln
�

JSC
JRAD

0
� 1

	
, where

JSC � q
³8
0 EQEpEqφsunpEq dE and JRAD

0 � q
³8
0 EQEpEqφBBpEq dE is the dark

saturation current density in the radiative limit; q is the elementary charge and φsun
(φBB) the solar spectrum (black body spectrum).189 The SQ limit (V RAD

OC � V SQ
OC )

corresponds to the case when EQE � 1 for E ¡ Eopt, while EQE � 0 for E   Eopt.
Note that because of the different ideality factors, the contribution from deep trap
states will be is negligible under 1 sun conditions, as reported previously.84

As shown in the above text, in low offset systems such as state-of-the-art
NFA-based blends (or neat material systems), the CT absorption is mostly
overshadowed by the stronger NFA absorption (or is absent). In such systems the
sub-gap absorption tail is dominated by excitons (α � αLE). The expected radiative
limit V RAD

OC set by excitons can be calculated by assuming
EQE � EQEmax � pαLEαsatq, with αLE given by Eq. 6.6. The concomitant radiative
loss ∆V RAD

OC , arising from the imperfect spectral line shape of αLE (leading to
deviations from the ideal box-like EQE shape), is shown in Figure 6.12a at different
Eopt and σs. As shown, the voltage loss ∆V RAD

OC increases with increasing σs. For
example, when σs � 100 meV, ∆V RAD

OC is larger than 0.2 V. Furthermore, at large σs,
the voltage loss becomes more prominent at larger Eopt. Those losses are caused by a
drastic increase in JRAD

0 , while JSC is essentially unchanged. As σs is reduced, in turn,
∆V RAD

OC is correspondingly decreased. For small static disorder (i.e., small σs), an
analytical approximation relating ∆V RAD

OC and σs can be obtained as

q∆V RAD
OC � σ2

s
2kT

� kT ln
�

Eopt
3kT

�
1� p σ2

s
2EoptkT

�3�
. (6.7)
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Agood agreement between Eq. 6.7, as indicated by the dashed lines in Figure 6.12a, and
the full simulation was indeed obtained for small σs. Importantly, even in the limit of
vanishing static disorder, σs Ñ 0, a voltage loss ∆V RAD

OC of roughly 70 meV to 80 meV
is expected due to non-vanishing sub-gap absorption induced by thermal broadening.
Based on theEopt andσs extracted (Figure 6.10) for the low-offsetD:A systemsPM6:Y6
(Eopt � 1.44 eV, σs � 42 meV), PM6:ITIC (Eopt � 1.69 eV, σs � 37 meV) and PBDB-
T:EH-IDTBR (Eopt � 1.77 eV,σs � 46meV), the radiative voltage loss induced by sub-
gap absorption can be estimated. Subsequently, ∆V RAD

OC is 108mV for PM6:Y6, 107mV
for PM6:ITIC and 120 mV for PBDB-T:EH-IDTBR. In the absence of CT absorption,
the corresponding would-be ∆V RAD

OC for PBDB-T:PC71BM is 150 mV.
Finally, Figure 6.12b shows the corresponding effect of σs on the radiative limit of

the PCE, assuming EQEmax � 1 (and ideal charge collection). Compared to the SQ
limit of the PCE (indicated by black solid line), the presence of the sub-gap absorption
results in a PCE peak loss of around 1.5 % for σs � 0. For σs � 0, the radiative PCE
limit is further lowered, with the PCE peak deceasing with increasing σs. Hence, to
minimize ∆V RAD

OC , and thusmaximize PCE, it is important tominimize σs. However, an
unavoidable radiative loss, relative to the SQ limit, will still be present due to thermal
broadening. Based on those findings, this loss is inherent to all organic solar cells, and
needs tobe taken into account in lowoffset systemswhere excitons dominate the sub-gap
absorption.

a b

Figure 6.12: The radiative VOC loss induced by sub-gap absorption and associated radiative PCE limit
of low-offset D:A solar cells. a The radiative voltage loss ∆V RAD

OC as a function of the optical bandgap for
varying degree of Gaussian static disorder σs, assuming the sub-gap absorption dominated by LEs as per
eq. 3 (solid lines with symbols). The corresponding analytical approximation (Eq. 6.7) is represented by the
dashed lines. b The corresponding radiative PCE limit based on Eq. 6.6, assuming EQEmax � 1 and ideal
charge collection, is shown (solid lines with symbols). For comparison, the SQ limit, representing the ideal
case with no sub-gap absorption, is included as indicated by the black solid line. The PCE decreases with
respect to the SQ limit as σs increases. The SQ limit is not expected to be reached even for vanishing σs
due to the thermal broadening.

6.8 Conclusions
In summary, the exciton sub-gap absorption in organic semiconductors is dominated
by Gaussian static disorder near the onset, while thermal broadening dominates at
lower photon energies. Furthermore, for a large number of organic semiconductors, the
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Urbach energy in the sub-gap absorption regime is dominated by thermal broadening
that equals the thermal energy kT within the variations caused by the optical
interference. While exponential absorption tails have been previously observed mainly
in non-fullerene systems, it is shown that this property is universal for organic
semiconductors and consistent with a Gaussian density of excitonic states undergoing
Boltzmann-like thermally activated optical transitions. The static disorder is shown to
arise from the width of the Gaussian DOS and to broaden the absorption onset at
energies close to the optical gap. Using a model for the sub-gap excitonic absorption
tail, it is possible to discriminate spectral regimes dominated by static disorder (where
the Urbach energy is strongly dependent on the energy) and thermal broadening
(EU � kT ), as well as to reproduce the temperature dependence of absorption
coefficient due to excitons. This modified view of the sub-gap absorption coefficient in
disordered organic semiconductors clarifies a long-standing debate concerning the
shape of the DOS and the relevance of an Urbach description in these important and
intriguing materials.
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Chapter 7
Intrinsic Detectivity Limits of
Organic Near-Infrared Detectors

Organic photodetectors (OPDs) with a performance comparable to that of
conventional inorganic ones have recently been demonstrated for the visible regime.
However, near-infrared photodetection has proven to be challenging. To date, the
true potential of organic semiconductors in this spectral range (800 to 2500 nm)
remains largely unexplored. In this chapter, it is shown that the main factor limiting
the specific detectivity (D�) is non-radiative recombination, which is also known to
be the main contributor to open-circuit voltage losses. The relation between
open-circuit voltage, dark and noise current is demonstrated using four bulk
heterojunction devices based on narrow-gap donor polymers. Their maximum
achievable D� is calculated alongside a large set of devices to demonstrate an
intrinsic upper limit of D� as a function of the optical gap. It is concluded that
OPDs have the potential to be a useful technology up to 2000 nm, given that high
external quantum efficiencies can be maintained at these low photon energies. The
following chapter is written based upon a collaborative work of the authors published
in Advanced Materials in 2020. S. Gielen fabricated the photodiodes. S. Gielen and
C. Kaiser performed the device characterisation and data analysis. S. Gielen and F.
Verstraeten synthesized the low-gap donor materials. P. Verstappen and W. Maes
provided leadership on topics of material synthesis and characterisation. J.
Kublitski, J. Benduhn and D. Spoltore supported this project with IV data and
electroluminscent external quantum efficiency spectra of other low-gap organic
OPDs. P. Meredith, A. Armin, K. Vandewal provided the overall leadership to this
project.

S.Gielen,C.Kaiser,F.Verstraeten,J.Kublitski,J.Benduhn,D.Spoltore,P.Verstappen,
W.Maes, P.Meredith, A. Armin, K. Vandewal, Intrinsic Detectivity Limits of Organic
Near‐Infrared Photodetectors, Adv. Mater. 32, 2003818 (2020).
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Chapter 7 Intrinsic Detectivity Limits of Organic Near-Infrared
Detectors

7.1 Current-Voltage Characteristics of
Narrow-gap Photodiodes

In the work detailed in this chapter, four different NIR-photoactive narrow-gap donor
polymers were investigated in a photodiode architecture. The donor polymers comprise
PTTBAI, PBTQ(OD), PTTQn(HD) and PTTQ(HD) with the chemical structures
depicted in Figure 7.1a. D:A blends with PC71BMas acceptor A formed the active layer
of photodiodes with the structure: glass/ITO/ZnO-PEIE/active layer/MoO3/Ag.
Using cyclic voltammetry (CV), their frontier orbital energy levels were estimated as
illustrated in Figure 7.1b. Moreover, solution and thin-film absorbance spectra were
recorded via an optical spectrophotometer as reproduced in Appendix C.1.
Absorbance spectra suggest low optical gaps for the studied polymers (  1.5 eV),
whereas CV estimates the effective bandgaps (ECT) of the organic D:A blends between
0.81 and 1.12 eV. Consequently, the photodiodes show open-circuit voltages between
0.12 and 0.44 V measured under high intensity radiation (100 mW{cm) in accordance
to the previously reported linear relationship between ECT and VOC.62 For such low
effective gaps, it is expected that the dark saturation current I0 becomes comparable or
higher than the shunt current Ishunt, which typically dominates the dark current I in
organic D:A blends optimized for photovoltaic applications.

b

a

c

Figure 7.1: a Chemical structures of the four NIR absorbing donor polymers. b Energy level diagram
displaying the different layers used in the inverted OPD device stack. The frontier orbital energy levels are
estimated by CV. c JV curves for the OPD devices (solid lines: light current under 1 sun illumination;
dashed lines: dark current).
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7.1 Current-Voltage Characteristics of Narrow-gap Photodiodes

Assuming that the dark current in the narrow-gap photodiodes can described as the
sum of Shockley diode equation (band-to-band recombination) and shunt current
(parasitic leakage in the bulk), a fit to the dark J � V curves (see Figure 7.1c) was
attempted using

ID � I0
�
e

qV
kT � 1

�� Ishunt (7.1)

and returning I0 (and Rshunt) as a fit parameter. Importantly, in Chapter 8 it will be
shown that not band-to-band recombinations are the dominant recombination, but
recombination via mid-gap traps. Therein, temperature dependent J � V

measurements prove that the thermal activation energy equals half the bandgap at
small reverse bias, and hence, Ishunt can be neglected at V ¤ �0.1 V. Note that for a
band-to-band recombination dominated process, the thermal activation energy would
equal exactly bandgap energy. Irrespective of the dominant recombination process, the
experimental VOC differs at maximum 0.06 V from the calculated VOC using the fit
parameter I0. Table 7.1 displays the obtained fit parameters, as well as the
experimental and calculated VOC. If ID � I0 at sufficiently low reverse bias, the VOC
and the ratio ISC{ID are expected to be logarithmically related according to

VOC � kT

q
ln
�ISC

I0
� 1

�
, (7.2)

which is obtained from the Shockley diode in the dark and at V � VOC neglecting
parasitic currents (see Chapter 2.3.2 for reference). Indeed, a linear relation between
VOC (at VOC   0.25 V) and ISC{ID on a semi-logarithmic scale was observed for the
studied narrow-gap D:A blends and a large set of literature-reported blends as shown in
Figure 7.2. A list with the literature-reported D:A blends and the respective data set is
provided in Appendix C.3. Since ID can only be ID ¥ I0, the points in Figure 7.2a are
either very close to the intrinsic limit, i.e., within the experimental error, or well above,
but cannot be significantly below. For VOC   0.25 V, the experimentally measured
dark current is limited to ID   25 I0. For higher voltages, ISC{ID increasingly deviates
from the intrinsic limit, due to the increasing contribution of Ishunt. For VOC � 1 V, ID
is typically 12 orders of magnitude higher than I0. Note that the ID used in Figure 7.2a
was evaluated at −0.1 V for all D:A blends to reduce the influence of additional shunt
currents. However, if devices are not fully optimized, and hence show some leakage,
ISC{ID cannot be close to the intrinsic limit set by the VOC.

Table 7.1: Device performance parameters for the photodiodes with the studied narrow-gap D:A blends.
Rshunt, I0 were obtained from the fits to the experimental dark currents in reverse bias using Eq. 7.1
under the assumption of band-to-band recombination is the dark recombination mechanism. ISC is the
experimental photocurrent under short-circuit conditions. The VOC was calculated via Eq. 7.2 showing only
small offset from the experimental VOC.

Material Rshunt
in Ω

I0
in A

ISC
in A

experimental VOC
in V

calculated VOC
in V

PTTBAI 7.90e8 3.42e-10 2.90e-4 0.40 0.35
PBTQ(OD) 1.07e9 2.90e-10 2.20e-4 0.44 0.35
PTTQ(HD) 3.37e6 4.49e-8 3.40e-4 0.22 0.23

PTTQN(HD) 4.54e5 3.78e-8 4.00e-5 0.12 0.18
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In agreement with previous literature, a linear relationship between ECT and ID was
observed, but only for ECT   0.9 eV, as shown in Figure 7.2b. This agrees with VOC
values up to 0.25 V, since the offset observed between the VOC and the ECT{q in organic
D:A blends is typically around 0.6 V to 0.7 V. From the trend shown in Figure 7.2b, the
minimum achievable ID can be estimated for a given material system with known ECT.
Moreover, it confirms that the fitting procedure of extracting I0 from ID is reasonable
only in the case of low ECT blends. From the above it is clear that the lowest achievable
dark current, I0, at reverse voltages is set by the VOC. Devices with an ECT and an
optical gap smaller than 0.9 eV (� 1380 nm) approach this limit.

a b

Figure 7.2: a Experimental VOC as a function of the ratio ISC to ID on a semi-logarithmic scale. The green
symbols represent the narrow-gap D:A blends and the respective devices, while the black symbols represent
a set of literature reported D:A blends (all fullerene-based devices, additional information in Appendix C.3).
The red solid line marks the lower thermodynamic limit of the dark current. b ECT as a function of ID (at
−0.1 V) for the devices studied in this work (green symbols) and some reported D:A blends (black symbols).
For devices with ECT   0.9 eV, ID is close to I0 if the device structure is optimized. The red solid line marks
the region in which IDp�0.1 Vq � I0. In the region of the red dashed line, no correlation between ECT and
IDp�0.1 Vq was found.
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7.2 Specific Detectivity of Narrow-gap
Photodiodes

As presented earlier in Section 2.3.4, the specific detectivity D� is either obtained from
the ratio of responsivity (R) to noise current (inoise) according to

D� � R
?

A ∆f

inoise
, (7.3)

or directly from the noise equivalent power (NEP) via

D� �
?

A ∆f

NEP . (7.4)

D� is always normalized to the square root of the area (A) multiplied by the bandwidth
(∆f).190 So far, it was shown in this chapter that for a given ECT and VOC, there is a
theoretical upper limit for the ratio ISC{ID that decreaseswith decreasingECT andVOC.
Known factors, preventing theVOC being closer to the optical gap in organicD:Ablends,
will also affect the maximum achievable D�. One can arrive to the same conclusion
analytically when expressing R by the ratio ISC{I0 as shown in the following. In the
radiative limit, the photocurrent ISC is described as

ISC,R � q

» 8
Eg

EQEPVpEqφsunpEq dE, (7.5)

where φsunpEq is the solar spectrum. Since EQEPV � RE{q, the responsivity can be
expressed as

RpEq � ISC,RpEq
dE

1
φsunpEqE . (7.6)

In accordance to Eq. 7.3, the D� can be written as

D�pEq � ISC,RpEq
dE

?
A∆f

qφsunpEqE � pinoiseq�1. (7.7)

For a resolution bandwidth ∆f of 1 Hz and assuming that shot noise component is the
dominant noise contribution, i.e. inoise �

?
2qI0, Eq. 7.8 can be rewritten as

D�pEq � ISC,RpEq
dE

?
A

qφsunpEqE � p2qI0q�0.5. (7.8)

dISC,RpEq{dpEq equals the photocurrent measured under illumination with a laser
source that emits at a photon energy E with intensity φsunpEq. According to Eq. 7.8,
D� is proportional to ISC{

?
I0. To obtain D� according to Eq. 7.3, R is first calculated

from the experimental EQEPV according to R � EQEPV � λ{1240. As an example,
Figure 7.3a shows the responsivity spectrum of the PTTQ(HD) based photodiode
under 0 V, and �1 V and �2 V reverse bias. As expected, R increases with applied
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reverse bias due to improving charge collection and charge dissociation efficiencies.
Moreover, the experimental inoise spectra are measured with the spectrum analyser and
reproduced in Figure 7.3b for the same photodiode. It is shown that, independent of the
voltage, inoise increases strongly for frequencies below 200 Hz. Since most commercial
photodetectors are operated at a couple kHz up to MHz regime (while avoiding flicker
noise dominanted frequencies), it is useful to consider an experimental frequency range
between 1 kHz to 3 kHz. The upper frequency limit is typically imposed by the
bandwidth of the low-noise current amplifier at a specific gain setting. The voltage
dependence of inoise shown in Figure 7.3b will be discussed later on in the text.

Next, the experimental D� is determined from the experimental R and inoise using
Eq. 7.3. This method assumes that the current response of the device will decrease
linearly with light power until it vanishes in the current noise. To verify this
assumption, D� is also calculated from the NEP according to Eq. 7.4 as a second
method for experimentally obtaining D�. Herein, the light power of a 520 nm laser
diode is gradually decreased, while measuring the respective photocurrent as described
in Section 3.8. A graphical representation is shown in Figure 7.4a and b of the
photodiodes PTTBAI:PC71BM and PBTQ(OD):PC71BM, respectively,
demonstrating a linear dynamic range of 180 dB for the PBTQ(OD) photodiode. D�

from the NEP and from the R are compared in Figure 7.4c and d at 0 V applied bias.
Herein, both methods for obtaining D� were found to be in good agreement differing
only by a factor of 1.6 and 2.6 for PBTQ(OD) and PTTBAI, respectively.
To calculate the upper limit of D�, inoise was regarded as the root-mean-square (RMS)
value over its most dominant components in the high-frequency limit, namely shot
(ishot) and thermal noise (ithermal):

itotal �
cA

i2
shot

E
�
A

i2
thermal

E
. (7.9)

ishot and ithermal can be calculated for any current I, since they reflect random
fluctuation of I in time around its mean value and show no frequency dependence. The
thermal noise depends on the resistance, R1, of the device via ithermal �

a
4∆fkT {R1

a b

Figure 7.3: a Spectral responsivity of the PTTQ(HD):PC71BM photodiode at 0, −1 and −2 V applied
voltage. b Measured noise current as a function of the frequency and applied reverse bias for the
PTTQ(HD):PC71BM based photodiode.
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c d

a b

Figure 7.4: Linear dynamic range (photocurrent in function of light intensity) measured at 1 Hz bandwidth
and 0 V voltage for the PTTBAI (a) and PBTQ(OD) (b) based photodiodes. Extrapolation of the LDR
into the noise floor marks the NEP from which D� was obtained at 0 V bias. The different colours mark
different light intensities for which the current response as a function of frequency is shown in the inset.
The frequency at the maximum response is incident with the modulation frequency of the laser diode. D�

obtained from the NEP and the R photodiodes are in good agreement for the PTTBAI (c) and PBTQ(OD)
(d) based photodiodes.

and therefore shows no voltage dependence. The shot noise scales with the signal
magnitude via ishot �

?
2q∆fI and therefore shows strong voltage dependence.5 More

information on the different sources of noise is provided in Section 2.3.3. The total inoise
can now be calculated in two limits: (i) I � I0, representing the lower theoretical limit
of inoise, and (ii) I � ID, as often performed in literature in the absence of experimental
noise current measurements. Figure 7.5 illustrates the calculated noise currents for all
narrow-gap photodiodes as a function of voltage alongside the average value of the
experimental noise current in the frequency range between 1 and 3 kHz. Note that the
thermal noise is independent of whether I � I0 or I � ID is assumed, however, it is the
dominant noise source at low reverse voltage (typically for |V |   0.1 V). Moreover, the
experimental noise current is mostly above the calculated one, since Eq. 7.9 does not
account for all noise sources (which are known to exist but not well described) and
experimental limitations imposed by the amplifier noise. Consequently, the
experimental D� is expected to be lower than the calculated one according to Eq. 7.3.
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In the next step, D� was calculated at −2 V in the two limits: (i) I � I0, which
marks the upper thermodynamic limit, and (ii) assuming I � ID, as often performed in
literature118,191. Figure 7.6 shows that at −2 V, the experimental D� and the
calculated D� assuming I � ID are typically in good agreement (less than a factor 2
difference) except for the PTTQn(HD) based photodiode, where the difference is a
factor 20. At the same time, it can be seen that the measured noise current increases
much faster with reverse bias than expected from the shot noise component of ID (cf.
Figure 7.5). In conclusion, three out of material narrow-gap photodiode had an
optimized device architecture and work close to the upper thermodynamic limit of D�

imposed by the active layer blend and its VOC. For those photodiodes, D� calculated
from the shot noise component of ID represents a sufficient approximation for the
experimental D� obtained from the measured noise current and responsivity, or from
the NEP.
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Figure 7.5: Experimental and calculated noise for the narrow-gap photodiodes as a function of voltage. The
experimental noise current (black marker) is the RMS noise current at frequencies between 1 kHz to 3 kHz.
The noise current calculated from the measured dark current (blue marker) or from the dark saturation
current (orange marker). Below −1.0 V, the total calculated noise current is dominated by shot noise (red
dashed line), and above −0.1 V by thermal noise (green dashed line).

Figure 7.6: Experimental and calculated specific detectivity (D�) for the studied narrow-gap photodiodes
evaluated at �2 V. Experimental D� obtained from the measured noise spectral density and the responsivity
R at −2 V. Calculated D� in the two limits I � I0 and I � ID, assuming that the total noise current can
be described by the RMS value of shot noise and thermal noise.
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7.3 Intrinsic Non-radiative Voltage Losses

As discussed in Section 2.3.2, the dark saturation current I0 is comprised of a radiative
and a non-radiative component I0 � I0,R � I0,NR. I0,R can be calculated via

I0,R � q

» 8
0

EQEPVpEqφBBpEq dE. (7.10)

φBBpEq is the temperature dependentblackbody spectrumasdiscussed inSection 2.3.4.
In the radiative limit (I0 � I0,R), the upper limit of the VOC (VOC,R) is obtained via
Eq.7.2.ThedifferencebetweenVOC,R andtheexperimentalVOC equals thenon-radiative
voltage losses (VOC,NR � VOC,R � VOC). Figure 7.7a shows ∆VOC,NR for a large set of
D:A blends with different ECT, including the devices studied here. Clearly, ∆VOC,NR
depends on ECT. An increase of ∆VOC,NR by 300 mV is observed when ECT decreases
from 1.6 to 0.8 eV. As a next step, I0,NR was obtained from ∆VOC,NR via

∆VOC,NR � kT {q lnpEQE�1
ELq (7.11)

where EQE�1
EL � pI0,R � I0,NRq{I0,R.148,192 Table 7.2 summarizes the device

parameters related to non-radiative losses for the devices studied in this work. Since
I0,NR " I0,R, the dark saturation current will be dominated by the non-radiative
recombination current and it can be assumed that I0 � I0,NR.

Next, the effect of I0,NR on the D� is studied in comparison to a background limited
infrared photodetector (BLIP), which was discussed in Section 2.3.4. Figure 7.7b shows
D� of a BLIP at 300 K for different optical gap energies corresponding to wavelengths
up to 2 µm. By lowering the optical gap, D� decreases down to 5� 1013 Jones at 2 µm,
which marks the thermodynamic limit of D� for any type of photodetector without
photo-multiplicative gain (EQEPV ¤1). For organic D:A blends, the EQEPV is below 1
and has a strong spectral dependence as well as sub-gap features, which will increase
I0,R in comparison to the step-like EQEPV example and hence decrease D�. As deduced
earlier from the VOC losses, the total dark saturation current is dominated by the
non-radiative component I0,NR. A realistic upper limit for the achievable D� for
organic NIR OPDs can therefore be obtained by considering I0,NR and a box-shaped
EQEPV that is 1 for energies above ECT. First, I0,NR is considered to be independent of
ECT and thus constant across the spectrum and corresponding to realistic EQEEL
values between 10�3 to 10�9. As shown in Figure 7.7b, D� decreases by one order of
magnitude across the spectrum for a decrease of EQEEL by two orders of magnitude
(corresponding to an increase of I0,NR by two orders).

In literature, high frequency molecular vibrations were previously identified as the
source of the rather large non-radiative decay rates in organic D:A blends,62 explaining
the experimentally observed dependence of I0,NR on ECT. Below, three different cases
for ∆VOC,NR as a function of ECT are distinguished: (i) a model-based lower limit for
∆VOC,NR reported by Azzouzi et al.,148 (ii) an empirical lower limit for ∆VOC,NR
reported by Benduhn et al.,62 and (iii) an average value for ∆VOC,NR as a function of
ECT as observed in this work. While case (i) predicts an upper limit for D� to about
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a b

Figure 7.7: a ∆VOC,NR as a function of ECT for D:PC71BM blends studied in this work (hollow triangles)
and literature reported D:A blends (black squares) which are reproduced in Appendix C.3.62 The red line
represents a model based lower limit148 (Azzouzi et al.), the green line shows a previously reported (Benduhn
et al.) empirical lower limit62 to ∆VOC,NR and the blue line shows an average value for ∆VOC,NR as observed
in this study.62 b Specific detectivity as a function of wavelength. The black lines with hollow triangles
represent the D� for D:PC71BM blends studied in this work. The upper limit of the D� is calculated for
different contributions of non-radiative recombination currents (represented as EQEEL values according to
Eq. 7.11) to the dark current ranging from zero (solid grey line: BLIP at 300 K) to very high (EQEel � 10�9).
The coloured lines represent the upper limit of the D� determined from the models used in (a). The D� of
commercial photodiodes193 (orange lines) are added for comparison.

1010 Jones at 2 µm, the empirical and average cases (ii) and (iii) predict that OPDs
based on materials with similar recombination properties, as the ones studied here, will
typically not reach more than 109 Jones at 2 µm. At the same time, D� is expected to
reach a respectable 1012 Jones at 1500 nm if the EQEPV can approach 1. This value is
comparable to commercial InGaAs detectors and even surpasses commercial Ge
detectors (Figure 7.7).193 Importantly, the upper limit of D� decreases significantly
faster for models where I0,NR is dependent on ECT than if it is not. Hence, further
red-shifting the absorption to the mid-infrared (2 µm to 10 µm) in OPDs is not
expected to be useful, as it seems impossible to compete with inorganic alternatives.
Nonetheless, OPDs remain a viable alternative for the NIR regime up to 2 µm, given
that EQEPV values approaching 1 can be achieved at such low gaps with a steep
EQEPV tail onset. To increase D� to the theoretical maximum for NIR organic
Table 7.2: Device performance parameters for the photodiodes with the studied donor materials. aq

Calculated from Eq. 7.10; bq Calculated from EQE�1
EL � pI0,R � I0,NRq{I0,R; cq Calculated from Eq. 7.11;

dq ECT values obtained from the intercept of the reduced EQEPV and EL spectrum (see Appendix C.4).

Material VOC
in V

I0,R
aq

in A EQEEL
bq ∆VOC,NR

cq

in V
E

dq
CT

in eV
PTTBAI 0.40 5.59e-16 6.54e-8 0.42 1.07

PBTQ(OD) 0.44 8.54e-17 1.18e-8 0.47 1.12
PTTQ(HD) 0.22 4.60e-15 4.10e-9 0.49 0.96

PTTQN(HD) 0.12 3.65e-15 3.86e-9 0.49 0.81

114



Chapter 7 Intrinsic Detectivity Limits of Organic Near-Infrared
Detectors

photodiodes, as indicated by the red curve in Figure 7.7b, one should find a way to
decrease ∆VOC,NR while maintaining the NIR absorption. A reasonable pathway could
be the use of NFA materials as these are known to yield lower non-radiative VOC
losses.194,195 A hurdle to overcome is to find a well-performing combination of a
NIR-photoactive donor and NFA, as only a selected group of donor materials tend to
work well with the best non-fullerene acceptors produced to date.196

7.4 Conclusion
In this chapter, a study to determine the intrinsic limit of the specific detectivity of
near-infrared organic photodiodes was detailed. The open-circuit voltage of
photodiodes with narrow-gap polymer:PC71BM blends was related to the dark
current, noise current and specific detectivity. For devices with open-circuit voltages up
to 0.25 V, corresponding to effective and optical gaps lower than 0.9 eV, the
experimental dark current approaches its theoretical limit. Above 0.25 V, the deviation
increases with increasing open-circuit voltage. Moreover, it is observed that the upper
limit for the D� of NIR OPDs is predominantly limited by non-radiative losses,
effectively decreasing D� by 3 to 4 orders of magnitude in comparison to the BLIP for
perfectly radiative materials. This allowed calculation of an intrinsic upper limit for D�

of 1012 and 1010 Jones at 1500 nm and 2000 nm, respectively. The applicability of OPDs
to the NIR region above 2 µm seems therefore negligible and future research should
focus on reducing voltage losses, in which NFAs will likely play an important role.
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Chapter 8
Mid-gap Trap State Mediated Dark
Current in Organic Photodiodes

In the last chapter, results are shown which describe that in narrow-gap organic
blends for near-infrared detection the dark saturation current is not overshadowed by
shunt current, as it is usually the case in organic donor:acceptor blends for
photovoltaic applications. This in turns allows the charge transfer state energy to be
studied in relation to the dark saturation current and therefore to deduce an upper
specific detectivity limit as a function of the charge transfer energy. From the
experimental open-circuit voltage, the dominant source of recombination was
determined to be non-raditiave, however, the origin of the dark current magnitude
remained unclear as it was still orders of magnitude higher than expected for
thermally excited band-to-band transitions. The work presented in this chapter shows
how the lower limit of the dark current is given by recombination via mid-gap trap
states. This new insight is generated from temperature dependent dark current
measurements of narrow-gap photodiodes for the near-infrared using the same
materials as in Chapter 7. Based on Shockley-Read-Hall statistics, a diode equation
is derived which can be used to determine an upper limit for the specific detectivity
and to explain the general trend observed for the light to dark current ratio as a
function of the experimental open-circuit voltage for a series of organic photodiodes.
This chapter presents a summary of the work submitted for publication in July 2021,
which is currently still under review at time of thesis submisson. C. Kaiser and A.
Armin designed the experiments. C. Kaiser performed most measurements, analyzed
the data, and performed optical modeling. O. J. Sandberg developed the theoretical
model and assisted in data analysis. O. J. Sandberg and A. Armin conceptualized
the idea. W. Maes provided the materials. S. Gielen assisted with device fabrication.
S. Zeiske performed the IPC measurements. K. Vandewal, A. Armin and P.
Meredith provided the overall leadership of the project.
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8.1 External Quantum Efficiency of Narrow-gap
Photodiodes

Three of the four narrow-bandgap polymers presented in Chapter 7 were used to
fabricate D:PC71BM photodiodes with different active layer thicknesses. The
molecular structures are shown in Figure 8.1a and the respective External Quantum
Efficiency (EQE) spectra are shown in Figure 8.1b on a logarithmic scale, illustrating
the bandgap edges and the sub-gap spectral range being strongly affected by optical
interference. The HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energy levels of the narrow-gap donor materials were
previously reported in Chapter 7 and are repeated in Figure 8.1b for completeness.

The EQEmeasurements were performed down to approximately 0.5 eV (�2500 nm)
over a dynamic range of 90 dB. For PBTQ(OD):PC71BM and PTTQ(HD):PC71BM,
the spectral range of PC71BM absorption above 1.65 eV (�750 nm) can be clearly
distinguished from the narrow-gap polymer absorption at lower energies. Four orders of
magnitude below the above-gap EQE, organic semiconductors generally show trap
state absorption as discussed in Chapter 6 for conventional D:A blends with
corresponding to effective bandgaps of 1.3 eV and above. Charge transfer and mid-gap
trap state absorption features at sub-gap energies84 can be fitted with Gaussian
functions to obtain the CT state energy (ECT) and the mid-gap trap state energy (Et)
unless overshadowed by interference effects. In the narrow-gap blends, ECT is expected
to be very close to the singlet exciton energy (ESE,D) of the neat donor polymer, where
ECT can be estimated from the gap between donor HOMO and acceptor LUMO, while
ESE,D can likewise be estimated from the HOMO-LUMO gap of the donor. Based on
the experimental CV energy levels (depicted as insets in Figure 8.1b), similar offsets of
approximately 0.3 eV between ECT and ESE,D are found for all of the narrow-gap
D:PC71BM blends. Combined with the intrinsically low oscillator strength of CT
absorption, the CT absorption shoulder is expected to be masked by the donor singlet
exciton absorption. Moreover, the absorption of mid-gap trap states cannot be
experimentally discerned from the EQE of the narrow-gap systems, likely because the
respective energies are outside the energy range of the experimental apparatus.

From the EQE spectra it is possible to calculate the thermodynamic limit of J0,
namely the radiative dark saturation current J0,R, via detailed balance189 as described
in Section 2.3.2:

J0,R � q

» 8
0

EQEpEqφBBpEq dE, (8.1)

where φBBpEq is the temperature dependent black body spectrum. In practice, the
reliable evaluation of Eq. 8.2 is limited by the upper and lower integration bounds set
by the experimental apparatus thus providing a lower limit of J0,R. The calculated J0,R
is demonstrated in Figure 8.2b, where, for example, the narrow-gap blend
PTTBAI:PC71BM is characterized by J0,R � 3.1� 10�16 A{cm2. This is to be
compared to the corresponding experimental JD value of
JDp�0.1 V q � 7.8� 10�9 A{cm2, measured at −0.1 V, where Jshunt is expected to be
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a

b

Figure 8.1: a Molecules structures of the narrow-gap donor polymers used. b Sensitively measured EQE
spectra of narrow-gap D:PC71BM photodiodes for two different active layer thicknesses demonstrating
optical interference. Frontier molecular orbital energy levels as previously obtained from cyclic voltammetry
for PBTQ(OD), PTTBAI and PTTQ(HD) are shown as insets.

minimal. Hence, even when the EQE in the spectral range of mid-gap trap states is
included down to 0.6 eV, the calculated J0,R is still 6 to 7 orders of magnitude below the
experimental JD at low reverse bias. This high offset between J0,R and JD is commonly
observed in organic photodiodes, but underlying reasons are still debated. Provided
that the contribution from shunt currents is small at this voltage, the dark saturation
current density is found to be strongly dominated by non-radiative
generation-recombination mechanisms. In Chapter 7, it was shown that for the same
narrow-gap D:PC71BM blends studied here, the experimental JD at low bias voltages,
i.e. �0.1 V, is barely influenced by Jshunt, hence JDp�0.1 Vq � J0. It was further
suggested that for narrow-gap blends, JDp�0.1 Vq decreases exponentially with
increasing ECT.
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a b

Figure 8.2: a Sub-gap EQE including a conventional wide-gap blend PBDB-T:PC71BM with CT and
trap state absorption features. b Radiative saturation current density J0,R calculated from detailed balance
showing strong dependence on the low-energy EQE shoulder. The lower integration bound Emin is often
extended beyond the experimental limit (here Emin is between 0.5 to 0.6 eV) by a Gaussian fit to the
CT state (dashed green line) and mid-gap trap state (dotted green line) absorption features, as shown for
PBDB-T:PC71BM. The experimental JDp�0.1 Vq is typically 6-7 orders of magnitude above the calculated
J0,R when Emin � 0.6 eV.

8.2 Temperature Dependent Dark Current
Measurements

To gain more insight into the dominant, non-radiative recombination mechanism
behind J0, temperature dependent J � V measurements were conducted. Assuming
that JDp�0.1 V q � J0, noting that the dark saturation current density takes the form
J0 � J00 exp p�Ea{kT q, the corresponding activation energy Ea may be determined.
Here, Ea equals the effective energy barrier of the dominating thermal excitation
process in the dark, while J00 is a prefactor. For a CT state mediated band-to-band
generation-recombination process, Ea � ECT, while for a mid-gap state mediated
generation-recombination process, Ea � ECT{2 is expected. Figure 8.3a shows
JDp�0.1 Vq as a function of 1{kT in the so-called Arrhenius plots for the different
D:PC71BM blends and device thicknesses. It was found that the voltage sweep
direction and the input impedance of the source measure unit can have an impact on
the J � V curve, in particular at low current levels near voltages around V � 0.
Therefore, the current was measured continuously under applied bias while changing
temperature to ensure that trapped charge carriers have sufficient time to be released
and reach the electrodes. To minimize the effects of shunts (high reverse bias) and noise
(voltages near zero), however, the current was measured at �0.1 V. As shown in
Figure 8.3a, the natural logarithm of JD at p�0.1 Vq is linearly dependent on 1{kT for
temperatures above 260 K. For temperatures below 260 K, deviations from linearity are
either caused by the inability to measure currents below 10�12 A or the dominance of
other current channels such as Jshunt or surface recombination with weaker
temperature dependences. In the high temperature limit, PTTBAI:PC71BM (and
PBTQ(OD):PC71BM) photodiodes at two different active layer thickness show similar
Ea with a difference of only 0.08 eV (and 0.02 eV) between the two thicknesses.
Figure 8.3b shows the obtained Ea as a function of several energy level gaps (Eg).
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Figure 8.3: Extracting Ea from temperature dependent J � V measurements. a The natural logarithm of
JDp�0.1 Vq in function of 1{kT can be fitted by a linear function with slope Ea for temperatures above
260 K (1{kT   45 eV�1). The narrow-gap D:PC71BM photodiodes, where D is PTTQ(HD), PTTBAI or
PBTQ(OD), were fabricated with typically two different active layer thicknesses (green and red points).
b For narrow-gap organic D:PC71BM blends, Ea � 0.5 Eg whereas for commercial inorganic photodiodes,
Ea � Eg. The bandgap was obtained from the optical gap Eopt,1 from (i) solution absorption and Eopt,2,
(ii) thin film absorption of the neat donor film, (iii) the electronic bandgap ECV from cyclic voltammetry
and (iv) ECT from the blend as the intercept of the measured EQEPV and calculated EQEEL.

In addition, the optical gap from thin-film absorption of the neat donor (Eopt,2) and
ECT as the intercept of the measured EQEPV and calculated EQEEL of the
photodiodes are included as shown in Appendix C.3. The solution and thin film
absorption spectra are given in Appendix C.1. Moreover, the electronic bandgap ECV
from cyclic voltammetry and the optical gap from solution absorption of the neat donor
(Eopt,1) are included. Despite the known uncertainties50,53 of obtaining the correct
bandgap energy, the general correlation is Ea � 0.5Eg was observed for all narrow-gap
organic D:A blends. Those results are compared to temperature dependent J � V

measurements of three commercial NIR photodetectors comprising germanium (Ge),
strained and unstrained indium gallium arsenide (InGaAs). For the organic
semiconductors, Figure 8.4a shows the J � V characteristics of PBTQ(OD):PC71BM
and PTTBAI:PC71BM photodiodes at temperatures between 260 K to 330 K, while
Figure 8.3b displays the Arrhenius plots of the dark current at different voltages. For
small reverse bias, Ea equals half the bandgap energy. For the inorganic
semiconductors, the J � V characteristics are depicted in Figure 8.5a and the
Arrhenius plots in Figure 8.5b illustrating that Ea equals the bandgap energy, as
expected. Herein, Ea of the inorganic semiconductors was taken from the responsivity
spectra provided by the manufacturer.

120



Chapter 8 Mid-gap Trap State Mediated Dark
Current in Organic Photodiodes

a

b

Figure 8.4: Temperature dependent dark J � V characteristics and Arrhenius plots of JD at different
voltages for the PBTQ(OD):PC71BM (a) and the PTTBAI:PC71BM (a) photodiode. EapV q is largest for
V � 0.05 V and decreases for larger reverse bias or in forward bias by up to 0.09 eV for PTTBAI:PC71BM.

8.3 New Diode Equation based on Shockley-Read-
Hall

The observation that Ea equals half of the related bandgap energy for the organic
semiconductor blends suggests that the dark saturation current in these systems is
mediated by generation and recombination via mid-gap trap states in reverse bias. In
general, the dark saturation current can be expressed by the sum of the components
related to band-to-band recombination (Jbb

0 ) and mid-gap state mediated
recombination (JSRH

0 ) currents:

J0pV q � Jbb
0 � JSRH

0 pV q � J inj
0 pV q (8.2)

where, for completeness, additional injection current components were included J inj
0

that are related to surface generation-recombination at the electrodes. In organic
semiconductor blends, the band-to-band component is expected to be independent of
voltage, following Jbb

0 9 exp p�ECT{kT q. The activation energy of J inj
0 , on the other

hand, is expected to be predominantly given by the injection barrier of minority
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a

b

Figure 8.5: a Dark current as a function of temperature for three commercial IR photodetectors. Note that
the strong voltage dependence of JD pV q of the strained InGaAs photodiode apparent at low temperatures
was previously attributed to recombination via trap mediated tunneling.197 b Arrhenius plot of JD at
different voltages for three commercial IR photodetectors.

carriers at the electrodes.88 Given that Ea � ECT{2, the results point towards
J0pV q � JSRH

0 pV q.
In order to evaluate the voltage dependence of JSRH

0 pV q, an analytical expression of
the related dark current was derived for organic photodiodes based upon
Shockley-Read-Hall (SRH) statistics (see the Appendix C.4):

JSRH
0 pV q � J0,SRH

2kT

qrVbi � V s � ln
�

1� 2B exp
��qV

2kT

�
1� 2B exp

��qVbi
2kT

�� (8.3)

where Vbi is the built-in voltage, while J0,SRH and B are related to the SRH lifetimes
and trap energies for holes and electrons. For mid-gap trap states, it was assumed that
J0,SRH � qdN0 exp p�Eg{p2kT qq{τSRH, where d is the active layer thickness, N0 is the
available density of states for free charge carriers, and τSRH � τn � τp is the effective
SRH lifetime, whereas B � �?

τnτp � ?
τpτn

�{2. Here, τn and τp are the SRH lifetime
for electrons and holes, respectively. The corresponding trap-mediated dark
recombination current can be expressed as JSRHpV q � JSRH

0 pV qrexp pqV {kT q � 1s. In
forward bias, near flat-band conditions (V � Vbi), this current density simplifies as
JSRHpV q � 2BJ0,SRH exp pqV {2kT q, consistent with an ideality factor of 2. In reverse
bias, in turn, it was assumed that JSRHpV q � J0,SRHV {rVbi � V s, saturating to
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b

Wavelength (nm)

a

Figure 8.6: Experimental dark J � V characteristics and upper D� limit. a Deconvolution of the
experimental dark J � V curves of narrow-gap D:PC71BM photodiodes into mid-gap trap mediated
JSRH and Jshunt. Forward bias is taken from JSC � VOC measurements to avoid series resistance. b D�

approximated from ishot of JSRH at −1 V and the experimental noise current spectrum at −1 V. BLIP is
the Background Limited Infrared Performance.

JSRHpV q Ñ J0,SRH at large reverse bias. Note that the derived SRH-mediated dark
recombination current density presents an excellent and analytically tractable
approximation for the expression originally proposed by Sah et al. describing the
recombination current.77

In accordance with Eq. 8.3, it is expected that the dark saturation current to
depend on the voltage. However, the experimental dark current in forward bias quickly
becomes limited by the series resistance and/or transport limitations at voltages above
0.2 V in narrow-gap blends. To overcome these resistive limitations and thus obtain a
more accurate estimate for JSRHpV q, light intensity dependent JSC and VOC
measurements were performed. Here, VOC is the open-circuit voltage at which the total
current under illumination is zero, JpVOCq � �JSC � JDpVOCq � 0, while JSC is the
short-circuit current density being proportional to the light intensity. Hence, since
JDpVOCq � JSC, by varying the light intensity and plotting the related JSC as a
function of VOC, the dark J � V in the forward bias can be reproduced, but without the
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effect of transport limitations or series resistance (since J � 0).198 The experimental
dark J � V characteristics along with the associated JSC � VOC plots are shown in
Figure 8.6 for the PTTBAI:PC71BM, PBTQ(OD):PC71BM and PTTQ(HD):PC71BM
photodiodes.

A good fit of the dark J � V in reverse bias and the JSC � VOC plot in forward bias
was obtained for all systems using JD � JSRH

0 pV q exp rpqV {kT q � 1s with JSRH
0 given

by Eq. 8.3 and assuming B � 1. These results further corroborate the assertion that
the dark saturation current is dominated by bulk processes mediated via mid-gap trap
states. The corresponding J0,SRH values as extracted from the fits are shown in
Tab. 8.1, allowing for the effective SRH lifetimes τSRH to be calculated. Assuming a
typical value of 1� 1020 cm3 for N0, it was found that τSRH for PTTBAI, PBTQ(OD)
and PTTQHD to be 0.3, 0.1 and 1 µs, respectively. Note that Jbb

0 from the
band-to-band recombination converges to values much lower than JSRH

0 pV q and hence,
can be neglected in reverse and forward bias. In contrast, Jshunt pV q dominates the dark
J � V at high reverse bias. This is demonstrated, first, in the dark J � V fits in
Figure 8.6a and, secondly, in Figure 8.4, where Ea pV q is shown to decrease with
increasing reverse bias. For example, Eap�1 Vq � ECT{2� 0.09 eV for PTTBAI and
Eap�1 Vq � ECT{2� 0.04 eV for PBTQ(OD). It can be concluded that JD � JSRH

0
holds true, at least for small voltages close to zero, including V � �0.1 V.

Table 8.1: Fit parameters J0,SRH, Rshunt and Vbi extracted from the experimental dark J � V curves
in reverse bias and JSC � VOC in forward bias using Eq. 8.3 under the assumption that B � 1.
Experimental VOC from light J � V measurements under 1 sun illumination. τSRH calculated from J0,SRH
via τSRH � qdN0 exp p�Eg{p2kT qq{J0,SRH.

Material VOC
in V

J0,SRH
in A{cm2

Rshunt
in Ω{cm2

Vbi
in V

τSRH
in µs

PTTBAI 0.44 4.88e-8 1.2e7 0.38 0.31
PBTQ(OD) 0.40 3.35e-8 2.9e8 0.49 0.11
PTTQ(HD) 0.27 5.91e-7 2.5e5 0.10 1.20

8.4 New Specific Detectivity Limit based on
Shockley-Read-Hall Recombination

Based on the above findings, a new efficiency limit for organic BHJ photodiodes is
obtained as follows. The performance of a photodetector is given by the specific
detectivity D� � R

?
A∆f � pinoiseq�1, where R is the responsivity, inoise is the

measured noise current and ∆f is the frequency bandwidth. In organic electronics,
inoise can be well approximated by its shot noise component ishot at small bias. ishot of
any signal S is ishot �

?
2qS∆f . Then, assuming absorber materials that are

dominated by recombination via mid-gap trap states, the lower limit of D�

corresponding to EQE � 1 for E ¥ Ea and EQE � 0 for E ¤ Ea (i.e. R of an ideal
photodiode) can be approximated by D� � R r2qJSRHpV qs�1{2. Figure 8.6b compares
this calculated D� at�1 V with the experimental D� previously obtained in Chapter 7
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from the measured noise current at �1 V and 3 kHz. The experimental D� is generally
close to the calculated D� with a maximum offset of roughly 1 order of magnitude for
PTTQ(HD):PC71BM. From the fit shown in Figure 8.6a, PTTQ(HD):PC71BMhas the
largest relative contribution of Jshunt to the total JD at�1 V, which can be the origin of
the relatively high experimental noise current. To improve D� for this particular
system, Jshunt should be decreased. Known strategies for reducing Jshunt include
employing selective charge blocking layers, thick junctions and optimizing the device
layout to decrease lateral leakage currents.

Furthermore, since photodetectors are generally operated under reverse bias, the
voltage and Vbi dependence of JSRH must be considered when calculating the expected
noise current or analysing experimental noise measurements. At 0 V, the net current is
zero, but ithermal of JSRH and Jbb are non-zero. It is assumed that the total dark current
density is given by

J � V

Rshunt
� Jbb

0

�
e

qV
kT � 1

�
� JSRH

0

�
e

qV
kT � 1

�
, (8.4)

where JSRH
0 is given by Eq. 8.3. The thermal noise reads

@
i2
thermal

D � 4kT

RP
∆f , (8.5)

where RP is the parallel resistance given by RP � dV {dJ . More details on the thermal
noise are given in Chapter 2.3.3. The thermal noise of the dark current density from
Eq. 8.4 can be written as

@
i2
thermal

D � 4kT ∆f �
�

1
Rshunt

� Jbb
0 q

kT
� 2J0,SRH

Vbi
� ln

"
1� 2B

1� 2Be
�qVbi
2kT

*�
. (8.6)

The factor in Eq. 8.6, that includes the natural logarithm, was introduced due to JSRH.
For ithermal at V � 0, Eq. 8.6 is reobtained and hence, ithermalpJSRHq ¡ ithermalpJbbq. In
reverse bias for V ! 0, RP � dV {dJ � Rshunt and

@
i2
thermal

D � 4kT ∆f � pRshuntq�1.
ishot of JSRH increases with voltage, while ishot of Jbb is expected to increase with

increasing reverse bias until Jbb � Jbb
0 for V ! 0. In contrast, due to the voltage

dependence of JSRH
0 , a stronger voltage dependence at small reverse bias is expected

when recombination via mid-gap state dominates. The voltage dependence of J0,SRH is
determined by the magnitude of Vbi, i.e., JSRH

0 pV q � J0,SRH is reached for higher
voltages, when the effective Vbi is high. However, the total ishot in the limit V ! 0 must
be the sum over band-to-band recombination and SRH recombination via mid-gap trap
states, hence,

@
i2
shot

D � 2pJbb
0 � J0,SRHqq∆f .
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8.5 Open-circuit Voltage in the Limit of Shockley-
Read-Hall Recombination

Based on Eq. 8.3, the dark saturation current density exhibits distinctly different
voltage dependence in forward and reverse bias when trap-mediated SRH
recombination dominates. The principal voltage dependence of JSRH

0 pV q in the forward
bias is of the form JSRH

0 pV q9 exp p�qV {2kT q, while JSRH
0 pV q saturates to a constant

value for voltages far into the reverse bias. Therefore, the ratio between the dark
saturation current densities in the forward bias, at a voltage VF, and in the reverse bias,
at a voltage VR, scales presumably as JSRH

0 pVFq{JSRH
0 pVRq9 exp p�qVFq{2kT q. This is

in contrast to the case when band-to-band recombination dominates the dark
saturation current, where J0 is typically independent of the voltage and
JSRH

0 pVFq{JSRH
0 pVRq � 1. Hence, JSRH

0 pVFq{JSRH
0 pVRq may be used as a proxy for the

dominant recombination mechanism. To reliably determine J0pVFq{J0pVRq, the
influence of resistive effects needs to be avoided. To this end, the JSC vs VOC data set is
used, allowing for the corresponding dark current density in forward bias (VF � VOC)
to be obtained via JDpVOCq � JSC. Subsequently, the ratio between the dark
saturation current densities in forward and reverse bias can be calculated via

JSC
|JDpVRq| �

J0pVOCq
J0pVRq �

�
exp

�qVOC
kT

	
� 1

�
, (8.7)

for VR   �3kT {q, noting that the dark current density is approximately given by
JDpVRq � �J0pVRq in the reverse bias. To minimize the Jshunt contribution to the total
JD in the reverse bias, JD is evaluated at VR � �0.1 V. In Figure 8.7a, the
experimentally-obtained JSC{|JDpVRq| is shown as a function of VOC for the
narrow-gap photodiodes investigated in this work (closed symbols), alongside other
photodiodes described in Appendix C.2 assuming VR � �0.1 V. The theoretical limit,
as expected based on Eq. 8.7, when band-to-band recombination dominates the dark
saturation current, i.e., J0pVOCq{J0pVRq � 1, is indicted by the red line in Figure 8.7.
Most photodiodes are generally well below this limit, consistent with previous findings
described in Chapter 7. The theoretical behaviour, expected for SRH recombination
via mid-gap states dominating the dark saturation current, is indicated by the black
line for the case VOC Ñ Vbi when JSRH

0 pVOCq Ñ 2J0,SRH exp p�qVOC{2kT q in Eq. 8.3.
Comparing with the experimental data, it can be seen that the general trend is indeed
consistent with SRH recombination via mid-gap traps dominating J0 in narrow-gap
systems where VOC   0.7 V. This is further corroborated by the experimentally
obtained J0pVOCq{J0pVRq, estimated using Eq. 8.7 in Figure 8.7b, showing that
narrow-gap systems follow the trend predicted by mid-gap state mediated
recombination. Note that the scatter around the black line can be partly attributed to
the fact that VOC � Vbi in general, and a weak additional voltage dependence is thus
expected in accordance with Eq. 8.3. For systems with relatively wide gaps
(VOC ¡ 0.7 V), in turn, a deviation from the trend is seen. However, such a deviation is
to be expected considering that the VOC increases linearly with the effective bandgap
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ECT (independent of whether band-to-band or SRH recombination dominates at
open-circuit). Subsequently, high VOC blends are characterized by very low J0 levels,
with JDpVRq inevitably becoming dominated by parasitic shunts (Jshunt),
overshadowing the true J0 in these systems.

Figure 8.7: General trend in performance metrics of narrow-gap photodiodes dominated by SRH
recombination. Calculated ratio of JSC to J0pVRq (a) and calculated ratio of J0pVOCq to J0pVRq (b) plotted
as a function of VOC on a semi-logarithmic scale, where J0pVRq � JDpVRq and VR � �0.1 V for all fullerene-
based devices (empty circles, data in Appendix C.2). Blue, orange and purple circles represent JSC � VOC
data of the studied narrow-gap photodiodes at different light intensities. Red lines represent an analytical
limit taking only into account band-to-band recombination. Black and green lines show the theoretical limits
of SRH recombination via mid-gap trap states, where Vbi � VOC and Vbi " VOC, respectively.

8.6 Conclusions
In this chapter, a detailed studywaspresentedon the origin of thedark current in organic
photodiodes for the near-infrared. Specifically, the temperature dependent dark J � V

measurementswere utilized on narrow-gap organic semiconductor blend photodiodes to
show that the thermal activation of the dark current at small reverse bias equals half the
bandgap, i.e., Ea � 0.5 Eg. The dominant dark recombination mechanism is therefore
mid-gap trap mediated. A new expression for the dark current mediated by mid-gap
trap states using SRH statistics was derived. In this new expression, the dark saturation
currentJSRH

0 is voltage dependent and therefore can strongly affect the reverse bias dark
current and its shot noise depending on the build-in voltage. In this light, a revised upper
limit of D� for the studied narrow-gap blends was calculated based on JSRH

0 that was
obtained fromafit to thedarkJ � V characteristics.Lastly, it is shownthat for a large set
of narrow-gap organic photodiodes, the JSC to JDp�0.1 Vq ratio as a function of voltage
roughly describes a trend expected when considering SRH recombination via mid-gap
trap states.
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Chapter 9
Conclusions and Outlook

9.1 Conclusions
Organic semiconductors possess promising optoelectronic properties that are in many
ways complementary to conventional inorganic semiconductors. New applications for
photodiodes are constantly emerging, such as the internet of things and wearable
electronics that demand different mechanical and optoelectronic properties from those
provided by conventional inorganic devices. In this thesis, an extensive body of work
has been described which seeks to explore the sub-gap states in organic
semiconductors. An emphasis is laid on how sub-gap states affect the dependence of
dark current and D� of organic photodiodes on the active layer thickness and energetics
of donor and acceptor.

In Chapter 4, it is shown that optical interference imposes additional spectral
features onto the sub-gap EQE depending on the thickness of the organic layers in the
photodiode and their optical constants. These spectral features are convoluted with the
absorption features of CT states right below the absorption onset as well as the
mid-gap trap states at the low-energy range of the measured EQE spectra. Using a
novel, iterative approach to the conventional optical transfer matrix simulation, the
ultra-low sub-gap absorption coefficient (α(λ)) is extracted from a set of experimental
EQE spectra for two conventional organic semiconductors blends (PBDB-T:ITIC and
PBTTT:PC71BM). From the interference-free α(λ) the characteristic absorption
features can be studied providing insights about the energy of the states, their energetic
disorder and the oscillator strength of the optical transition. It is further observed that
the low-offset blend PBDB-T:ITIC in comparison to the large offset system
PBTTT:PC71BM shows more pronounced interference effects presumably because of
the greater dispersion in the refractive index which is characteristic for the low-offset
non-fullerene blends. This becomes very clear in the sub-gap range, where distinct
interference fringes are observed for photodiodes with increased active layer
thicknesses. Consequently, the often made assumption for optically thin films, i.e., that
the EQE follows the spectral lineshape of α(λ), is misleading – in particular for the
emerging low-offset non-fullerene blends.

Bearing this in mind, the work described in Chapter 5 shows how the sub-gap EQE
spectral lineshape can bemanipulated by changing the energetics of the donor:acceptor
(D:A) blend. Notably, a series of vacuum-deposited organic photodiodes was
fabricated, where the donor is strongly diluted in the acceptor C60. For the donor
material, a series of molecules from the same family of bipyranylidenes was used,
characterized by a relatively high energy of the highest occupied molecular orbital
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(HOMO). In the resulting D:A blend, the offset between the HOMO of the donor and
the lowest unoccupied molecular orbital (LUMO) of the acceptor C60 is low, resulting
in low charge transfer (CT) energy (ECT) which correlates with this HOMO-LUMO
offset. Given a strong α(λ) in the spectral range of CT absorption and the low ECT, a
broad sub-gap EQE shoulder was observed for the respective D:C60 photodiodes. By
substituting the side-chains and the backbone of the bipyranylidene molecules with
more electron-donating functional groups and atoms, respectively, not only the HOMO
energy was increased as expected, but that also ECT was decreased confirming the
linear relationship between the intermolecular HOMO-LUMO offset and ECT. For the
D:C60 blend with the lowest ECT and largest α in the spectral range of CT absorption,
a series of cavity-enhanced near-infrared (NIR) photodetectors was fabricated with an
operational window from 810 nm to 1665 nm and a line width of only 50 nm for one of
longest wavelength detecting organic sensors reported so far.

Working with a large series of organic D:A blends, a general pattern for the sub-gap
EQE becomes apparent, which was the topic of Chapter 6: While for the fullerene
containing blends, the CT absorption dominates the sub-gap EQE at energies close to
the absorption onset, low offset blends with non-fullerene acceptors do not show CT
absorption. Instead, the latter show an exponentially decaying EQE tail related to the
singlet exciton absorption of either donor or acceptor depending on the lowest bandgap
component. Within the deviations expected from optical interference, this excitonic
sub-gap EQE can be characterized by a slope for which the apparent Urbach energy
Eapp

U equals the thermal energy kT . Temperature dependent measurements confirmed
that the sub-gap excitonic EQE is thermally activated. An analytical model describing
α was developed that is consistent with a Gaussian density of excitonic states
undergoing Boltzmann-like thermally activated optical transitions. At energies close to
the absorption onset, the model predicts a spectral range, where the broadening only
depends on the static disorder (standard deviation of the Gaussian density of states)
and Eapp

U becomes strongly energy dependent. At the low-energy end of the EQE
spectrum, the Gaussian absorption features of mid-gap trap states were observed with
a trap energy Et that is half ECT. The universally observed Urbach tails in low-offset
organic semiconductors, as well as the mid-gap trap states, present an unavoidable
radiative losses, which lower the maximum achievable D� in comparison to the
background limited infrared photodetector with an ideal step-like EQE.

In Chapter 7 and 8 of this thesis, the dark current of narrow-gap D:A photodiodes
was related to the effective bandgap energy ECT. Narrow-gap donor polymers were
blended with PC71BM to fabricate a series of narrow-gap, solution processable organic
photodiodes with different bandgaps. For those narrow-gap photodiodes, ID shows
almost ideal diode behaviour, with an ideality factor (n) close to 1 and a small voltage
dependence in reverse bias. This is in contrast to large bandgap photodiodes used for
VIS photodetection (e.g. solar cells) that often have large Ishunt contribution and
n ¡ 1.5. It was first assumed that for those devices, the dark saturation current I0 is at
least comparable to Ishunt in magnitude in reverse bias, hence, I0 � ID at�0.1 V. It was
further found that within this series of investigated polymer photodiodes and for other
literature known narrow-gap photodiodes, the ratio of the short-circuit current ISC to
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IDp�0.1 Vq is exponentially dependent on VOC. At the same time, I0 must be
dominated by non-radiative recombination, since radiative band-to-band
recombination cannot explain the high losses observed between the experimental VOC
and the radiative VOC limit. In Chapter 7, this general trend between I0 and the
bandgap was used to calculate an expected D� limit for organic photodiodes that are
predominantly limited by non-radiative losses in comparison to the background limited
infrared photodetection for perfectly radiative materials. As a consequence, the
intrinsic upper limit of D� is 1012 and 1010 Jones at 1500 and 2000 nm, respectively. In
Chapter 8, the temperature dependence of I0 in those narrow-gap photodiodes was
further investigated to clarify the dominant mechanism for dark current generation. It
was shown that the thermal activation energy Ea of I0 equals Et, hence half of ECT.
The dominant dark recombination mechanism is therefore mid-gap trap mediated and
not band-to-band recombination via CT states as often assumed in literature. This
experimental observation is in alignment with the spectroscopic observation of mid-gap
trap states in the sub-gap EQE of higher bandgap blends. A new analytical expression
for the dark current was derived, which is the result of charge generation-recombination
via mid-gap trap states using Shockley-Read-Hall (SRH) statistics. In this expression,
the dark saturation current depends on the build-in voltage (Vbi) and the voltage bias,
which affects the shot noise limit of D� at operational conditions. Moreover, a revised
thermal noise limit at zero voltage was derived for mid-gap trap mediated I0 that is
higher than I0 expected from band-to-band recombination. And lastly, the general
trend between ISC to IDp�0.1 Vq and the VOC is revised in Chapter 8 showing that a
large number of narrow-bandgap devices are better described assuming the analytical
expression of I0 based on SRH recombination via mid-gap trap states in the limit of
VOC � Vbi.

9.2 Outlook
In Chapter 4, the presence of strong interference effects in organics thin-film stacks was
described as well as a method to obtain an interference free sub-gap α. Going forward in
the research on organic semiconductors, it will be important to decouple optical
phenomena related to the device stack from that of material properties – especially in
the field of non-fullerene acceptors. First, this will allow the study of the true α in the
spectral range of sub-gap state absorption. Second, a deeper understanding of
interference in particular materials may be utilized to manipulate optical effects either
to reduce radiative losses or to fabricate high quality resonators for cavity-enhanced
photodetectors.

The findings in Chapter 6 show that organic, low-offset organic semiconductors are
characterized by exponentially decaying Urbach tails. From the analytically derived
expression for the sub-gap α, the static disorder was extracted for a limited number of
materials. In follow-up experiments, the relationship between the extracted static
disorder and other characteristics of the photoactive material such as bandgap,
morphology or processing conditions should be investigated with the goal to establish
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general trends. This may provide a roadmap to lower static disorder, which is
detrimental for many device applications.

From the work described in Chapter 8, it becomes clear that non-radiative
recombination via mid-gap trap states contributes strongly to the large dark current
observed in organic photodiodes. The origin of non-radiative losses is a hot topic in
both the organic solar cells and the photodetector community. To reduce non-radiative
losses means to increase the maximum achievable open-circuit voltage as well as to
increase the D� of organic photodiodes closer to the radiative limit of photodetection.
In the next step, it is therefore crucial to study the origin of mid-gap trap states. Two
experimentally available platforms were identified in the work described in this thesis,
which are the interference-free, sub-gap EQE spectra as well as the dark current of
narrow-gap blends. Using the EQE spectra, it is possible to study the reorganization
energy and the oscillator strength as a function of bandgap, morphology, processing
conditions. Using dark current measurements of narrow-gap photodiodes, the
contribution of I0 in relation to Ishunt should be further investigated for different
materials and active layer thicknesses. As an advantage, optical interference does not
play a role in dark current measurements. Notably, the influence of Ishunt is known to
decrease with increasing thickness. Recently, some non-fullerene D:A acceptor blends
were demonstrated to combine high layer thickness with high charge collection
efficiencies199,200 and/or to reduce dark current leading to specific detectivities on the
order of 1012 to 1013 Jones for the wavelengths below 1000 nm.201–203 At the same time,
research on non-fullerene photodiodes for the NIR is still in its infancy. Non-fullerene
acceptors have typically a photoresponse up to 1000 nm and this spectral range is likely
to be extended further into the NIR through chemical modifications. Moreover,
electro-optical effects like charge collection narrowing and optical micro-cavities have
yet to be reevalutated for those newmaterials.
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Manipulating the Charge Transfer Absorption for
Narrowband Light Detection in the Near-Infrared

A.1 Device Architecture

Table A.1: Device architectures for cavity-enhanced photodetectors with the donor 2,2’,6,6’-tetra-(2-
methylthienyl)-4,4’-bithiopyranylidene (short: D8). The devices were deposited by thermal evaporation
from the bottom layer to the top, and illuminated from the bottom. The resonance wavelength was
varied from 605 nm to 1665 nm by changing the thickness of the layers: BPhen:Cs (1:1), C60:D8 and/or
BF-DPB:F6-TCNNQ (7 wt% F6-TCNNQ). The materials used were silver (Ag; K. J. Lesker, UK),
2,3,8,9,14,15-hexafluoro-5,6,11,12,17,18-hexatrinaazatrinaphthylene (HATNA-F6; IAPP), 4,7-diphenyl-1,10-
phenanthroline (BPhen; Lumtec, Taiwan), caesium (Cs; SAES Getters, Italy), buckminsterfullerene (C60;
CreaPhys, Germany), N4,N4’-bis(9,9-dimethyl-9H -fluoren-2-yl)-N4,N4’-diphenylbiphenyl-4,4’-diamine (BF-
DPB; Synthon), 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ; Novaled, Germany),
gold (Au; Allgemeine Gold und Silberscheidanstalt, Germany) and molybdenum trioxide (MoO3; Sigma-
Aldrich, USA). (†) Ag layer outside the photoactive area to mechanically stabilize the thin Ag layer. (*)
Photodetectors with resonances at 908 nm, 1150 nm and 1665 nm were investigated regarding their spectral
linewidth and noise spectral density in Figure 5.8 and Figure 5.9 in Chapter 5.

132



Appendix A Manipulating the Charge Transfer Absorption for
Narrowband Light Detection in the Near-Infrared

A.2 Cyclic Voltammetry

Figure A.1: Cyclic voltammograms for donor molecules D1 to D8 recorded in N,N-dimethylformamide
showing a reversible two-step oxidation. Donor molecules were characterised by either a pyranylidene or a
thiopyranylidene core, which governs the potential difference between the first and second oxidation potential
(Eox

1 and Eox
2 ) as exemplified for D1 (blue line) and D8 (green line) in the bottom figure. Eox

1 and Eox
2 are

highlighted with red dashed lines for D8.
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A.3 Density Functional Theory Calculations

Figure A.2: a The absolute HOMO energy level |ED
HOMO| of the donor molecules estimated from

the first oxidation potential |Eox
1 | recorded in a cyclic voltammetry experiment (see Figure A.1).

ED
HOMO in eV was obtained through internal referencing to the Fc{Fc� redox couple according to

ED
HOMO � EFc{Fc� �Eox

1 +4.8 eV. �4.8 eV is the HOMO energy level of ferrocene against vacuum. b
Characteristic molecular features of the donor molecules, where squares represent methylated donors and
circles represent nonmethylated donors.

A.3 Density Functional Theory Calculations
Gas phase values for vertical ionization potential IP0 and electron affinity EA0 of the
neutral molecule as well as the ionization potential IP� of the cation are determined
using

IP� � E��pq�q �E�pq�q (A.1)
IP0 � E�pq0q �E0pq0q (A.2)

EA0 � E0pq0q �E�pq0q (A.3)

where qi and Ei are the relaxed geometry and the ground-state energy for differently
charged states, respectively. Molecular relaxation is characterized by the internal
reorganization energies λDi, which is obtained using the potential energy surface
method.21 Polarization corrections can be calculated by assuming spherically shaped
molecules with an ionic radius ri of the respectively charged species extracted from
DFT calculations160,204,205

Pi � q2e2

8πε0ri
p 1
Erel � 1 q   0, (A.4)

with Erel � 37.219 for N,N-dimethylformamide and q2 � 1 for all charged states. With
these considerations, the cyclic voltammetry (CV) energy levels are given as

EOX2 � �IP 1
� � �pIP� � 3P� � λD��{2q, (A.5)

EHOMO � �IP 1
0 � �pIP0 � P0 � λD�{2q, (A.6)

ELUMO � �EA1
0 � �pEA0 � P0 � λD�{2q. (A.7)
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Table A.2: Experimental and simulated CV results under consideration of relaxation and polarization
effects.
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A.3 Density Functional Theory Calculations

Figure A.3: HOMO distribution of the studied donor molecules and “dihedral angles” between the backbone
and the side chains (D1 – D4 with oxygen in the backbone; D5 – D8 with sulfur in the backbone).

Figure A.4: HOMO orbital extension of the donor D1 (oxygen in the backbone) on the left and of the
donor D5 (sulfur in the backbone) on the right. The orbital features at the sulfur atoms are more pronounced
compared to oxygen atoms leading a stonger extension perpendicular to the molecular plane as well as to
reduced features at the side groups.
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Universal Urbach Rule for Organic Semiconductors

B.1 Temperature-dependent EQE

Figure B.1: Temperature-dependent, normalized external quantum efficiency (EQE) and respective
apparent Urbach energy (Eapp

U ) spectra of blend (PM6:ITIC, PM6:Y6, PBDB-T:EH-IDTBR) and neat
(Y6, IT-4F) material systems with device architecture ITO (100 nm)/ZnO (30 nm)/active layer/MoO3 (8
nm)/Ag (100 nm).
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B.2 Marcus Theory for Unequal Potentials

a b

Figure B.2: Profile of the potential energy surfaces (PESs) of the ground state and the excited state, Upq0q
and Upq10q, respectively. a Equal curvature of the PESs lead to equal reorganization energies λ0 and λ10 for
the ground state and the excited state, respectively. b Broadening of one PES with respect to the other
leads to unequal reorganization energies.

In Marcus theory, the curvature of the potential energy surfaces (PES) describes the
vibrational frequency of the modes and is directly related to the reorganization energy.
Figure B.2 illustrates the PES as a function of the nuclear coordinate q, where Upq0q
and Upq10q denote the ground state and the excited state, respectively. Two cases can
be distinguished: a) For the standard Marcus theory, the curvatures of the PESs are
equal and so are the reorganization energies of the ground stateλ0 and the excited states
λ10. b) In the general case, the curvatures of the PESs are different resulting in different
reorganization energies for the ground state and the excited state. Case b) can be viewed
as an extension to the standardMarcus theorywith the generalizedMarcus transfer rate
now reading181,182.

κ � 2π

h̄

|ν|2prk� � rk�qc
4
�
λ10 �

�
1� λ10

λ0

�pE1 �Eq
�
πkT

. (B.1)

Here, E1 is the energy difference between the ground state and excited state, while

rk� � exp
�
� λ0

kT

�
E1 �E � λ10

λ10 �
a

λ120 � pλ0 � λ10qpE1 �E � λ10q

�2	
(B.2)

rk� � exp
�
� λ0

kT

�
E1 �E � λ10

λ10 �
a

λ120 � pλ0 � λ10qpE1 �E � λ10q

�2	
(B.3)

for E   E1 � λ0λ10
λ0�λ10

. Note that the rate reduces back to the standard Marcus charge-
transfer rate forλ10 Ñ λ0, as expected.This is demonstrated inFigureB.3,where the full
expression of κ fromEq. B.1 is simulated for different ratios of λ10{λ0. Figure B.3a shows
that the spectral lineshape of κ resembles a Gaussian function for λ10{λ0 close to 1, while
for λ10{λ0 Ñ 0, it converges to an exponential function with an inverse logarithmic slope
of kT . As a result, the apparent Urbach energy Eapp

U approaches kT for λ10{λ0 Ñ 0, as
illustrated in Figure B.3b.

138



Appendix B Universal Urbach Rule for Organic Semiconductors

In the case of distribution forE1 (e.g. Gaussian or exponential DOS), the generalized
Marcus rate needs simplification since a direct integration of Eq. B.1 for a given DOS is
in general analytically intractable. However, for λ0 ¡ λ10, the transfer rate at low photon
energies, corresponding to the absorption tail, can be approximated by

κ � 2π

h̄

|ν|2c�
λ10 �

�
1� λ10

λ0

�pE1 �Eq
�
πkT

exp
�
� E1 �E � λ10

kT

λ0
λ0 � λ10

	
(B.4)

If λ0 " λ10 (i.e. a more localized ground state and a more diffuse exited state), the
dominant photon energy dependence of the absorption tail is of the form

κ9 exp
�E �E1

kT

	
(B.5)

becominggovernedbyasimpleBoltzmannfactor.Undersuchconditions, thegeneralized
Marcus rate can be approximated with a simple MA-type expression.

ba

Figure B.3: a Generalized Marcus transfer rate simulated for different λ10 at room temperature assuming
λ0 � 200 meV and E1 � 1.7 eV. κ approaching a Gaussian spectral line-shape for λ10{λ0 Ñ 1 and an
exponential line-shape for λ10{λ0 Ñ 0. b Apparent Urbach energy Eapp

U approaching kT for λ10{λ0 Ñ 0.
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Mid-gap Trap State Mediated Dark Current
in Organic Photodiodes

C.1 Absorbance Spectra of Low-Gap Donor
Polymers

a b

Figure C.1: Normalized absorbance of the low-gap donor polymers PTTBAI, PBTQ(OD), PTTQn(HD)
and PTTQ(HD) in solution (a) and as a spin-coated thin-film on glass (b).
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C.2 Current-Voltage Characteristics of Low-gap
Blends

206
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Figure C.2: Information on the materials added to Figure 7.2. Literature materials were tested in standard
structure ITO/MoO3/Donor:C60/BPhen/Al devices (except for the devices from ref.119 and206 in which an
inverted architecture glass/ITO/ZnO-PEIE/active layer/MoO3/Ag was used), in which the active material
was either a small molecule or a polymer, either solution or vacuum processed. Light current was measured
under 1 sun illumination.
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C.3 EQEEL Spectra

207
207
207
207
131
207
207
207
177
177
177
177
207
177
177
177
177
177
177
177
207
207
207
207
207

Figure C.3: Information on the materials added to Figure 7.2. Literature materials were tested in standard
structure ITO/MoO3/Donor:C60/BPhen/Al devices (except for the devices from ref.119 and206 in which an
inverted architecture glass/ITO/ZnO-PEIE/active layer/MoO3/Ag was used), in which the active material
was either a small molecule or a polymer, either solution or vacuum processed. Light current was measured
under 1 sun illumination..

C.3 EQEEL Spectra

Figure C.4: a Plot of the EQEPV spectrum and the black body radiation φBB in function of energy. b
EQEPV (in black) and EQEEL (in red) spectra. The intercept marks ECT as highlighted with a dashed
vertical line.
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C.4 Shockley-Read-Hall Recombination Mediated
Dark Current

An organic diode device is considered that consists of contacts that are assumed to
be ohmic for holes at the anode (x � 0) and electrons at the cathode (x � d), with the
thicknessoftheactiveorganic layerbeinggivenbyd.Therecombinationratebetweenfree
electronsandholes,ofdensitiesnandp, insidetheactive layer isassumedtobedominated
by trap-assisted recombination. The corresponding trap-mediated dark current density
is given by

J � q

» d

0
USRH dx, (C.1)

where USRH is the net recombination-generation rate taking place via traps. In the
Shockley-Read-Hall (SRH) formalism, USRH takes the form

USRH � cncpNtpnp� n2
i q

cnpn� n1q � cppp� p1q (C.2)

as described in Section 2.2.3. Here, Nt is the trap density, while cn and cp are the
capture coefficient for a free electron and hole to find an available trap site, respectively.
Furthermore, n1 � NC exp

�
Et�EC

kT

	
and p1 � NV exp

�
EV�Et

kT

	
, with EC and EV

being the conduction and valence level, while Et is the energy of the traps and kT is the
thermal energy; NC and NV are the available density of states for free electrons and
holes, respectively. Note that n1p1 � n2

i � NCNV exp
�
�Eg
kT

	
, where Eg � EC �EV is

the electrical energy level gap.
In general, the carrier densities are given by n � NC exp

�
EFn�EC

kT

	
and

p � NV exp
�

EV�EFp

kT

	
, where EFn and EFp are the corresponding quasi-Fermi levels.

For Ohmic contacts, the applied voltage may be approximated as V � pEFn �EFpq{q,
where q is the elementary charge; hence, np � n2

i exp pqV {kT q. For not too high
injection current levels, the electrical potential outside the contact regions is to a good
approximation linear with x. In this case,

n � ncat exp
��qrVbi � V s

kT

�
1� x

d

�	
p � pan exp

��qrVbi � V s
kT

x

d

	 (C.3)

forV ¤ Vbi,wherencat andpan arethevirtualelectronandholedensityatthecathodeand
anode contact, respectively, whereas Vbi is an effective built-in voltage which accounts
for the energy-level bending at the anode and cathode contacts: qVbi � kT ln

�
panncat

n2
i

	
.

Then,makinguseofnp � n2
i exp pqV {kT q, thedarkcurrent forV   Vbi canbeexpressed

as
JpV q � J0pV q

�
exp

�qV

kT

	
� 1

�
(C.4)
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with

J0pV q � qcncpNtn
2
i

» d

0

dx

cnpn� n1q � cppp� p1q . (C.5)

Thisintegralcanbeapproximatedbymakinguseofthefollowingregionalapproximation.
At the anode side, the hole density dominates in the SRH recombination rate. In this
region, the contribution from electrons may be neglected. On the other hand, on the
cathode side the reverse is true. In this region electrons dominate and the contribution
from holes to the SRH rate is negligibly small. Hence, with

cpp " cnn, x   x1{2

cpp ! cnn, x ¡ x1{2
(C.6)

where cpppx1{2q � cnnpx1{2q at x � x1{2, or equivalently, ppx1{2q �
b

cn
cp

ni exp
�

qV
2kT

	
.

At flat-band conditions, V � Vbi, it can be assumed that cppan � cnncat and pan �
b

cn
cp

ni exp pqVbi
2kT q. Based on the above regional approximation, Eq. C.6, the integral J0pV q

may be split into two simpler integrals:

J0pV q � qcncpNtn
2
i

� » d

x1{2

dx

cnn� cnn1 � cpp1
�
» x1{2

0

dx

cpp� cnn1 � cpp1

�
(C.7)

Then, after making use of Eq. C.3, Eq. C.7 can be evaluated as

J0pV q � J0,SRH
2kT

qrVbi � V s � ln
� 1� 2B exp

��qV
2kT

�
1� 2B exp

��qVbi
2kT

�� (C.8)

allowingforthetotal trap-mediatedcurrentdensity inthedarktobeobtainedforV ¤ Vbi
via Eq. C.4. Here, B � 1

2

�b
τp

τn

n1
ni
�
b

τn
τp

p1
ni

	
, with τn � 1

cnNt
and τp � 1

cpNt
being the

related lifetimes for electrons and holes, respectively, while

J0,SRH � qn2
i d

τpn1 � τnp1
(C.9)

is the actual reverse-bias dark saturation current density in the presence of trap-assisted
recombination. Finally, in the case ofmid-gap trap states (n1 � p1 � ni), the associated
dark current density at large forward bias (but well below Vbi) and at high reverse bias
can be approximated by

J � J0,SRH �
#

2BkT
qrVbi�V s exp

� qV
2kT

�
, V " 2kT

q
V

qrVbi�|V |s
, �V " 2kT

q

(C.10)
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respectively, where J0,SRH � qnid{pτp � τnq. On the other hand, in the limit V Ñ Vbi
(flat-band conditions), the dark current density (Eq. C.4 and Eq. C.8) approaches

J Ñ 2BJ0,SRH

2B � exp
�qVbi

2kT

��exp
�qVbi
2kT

�� 1
�
. (C.11)
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