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Abstract

Sustainably and environment-friendly manufactured semiconductors are at-
tractive candidates for next generation electronic and optoelectronic appli-
cations ranging from memory storage and computation, to power manage-
ment and energy generation. In this regard, organic semiconductors, i.e.,
semiconductors based on conjugated carbon-based molecules and polymers
derived from earth abundant elements, are the subject of intense basic re-
search and technological development efforts. Understanding the funda-
mental processes governing these low-mobility and disordered semiconduct-
ing materials is therefore key to establish next generation applications based
upon flexible and solution-processible organic semiconductors as global com-
mercial technologies.
The work presented in this thesis focuses on the investigation of charge
generation and recombination processes on thin film optoelectronic devices
based upon organic semiconductors. A suite of experimental techniques, im-
proved measurement setups, and expanded approaches are presented, and
form the basis of comprehensive studies on state-of-the-art, high-efficiency
organic photovoltaic systems. Specifically, an external quantum efficiency
measurement technique with unprecedented dynamic range will be detailed.
Using this enhanced apparatus, an approach allowing one to accurately de-
termine charge generation quantum yields is introduced. After this, an
extended technique to probe photogenerated charge carrier densities is out-
lined and applied to thin-film solar cells. Having emphasized the importance
of studying charge generation, a combined theoretical and experimental ex-
ploration of the light intensity dependence of photocurrent and charge col-
lection efficiency under the influence of various loss mechanisms is described.
These insights provide the basis of a comprehensive study on organic so-
lar cells, where recombination caused by localized trap states is found to
be universally present under operational conditions limiting photocurrent
and power-conversion efficiency. Overall, the work presented in this thesis
expands on existing techniques and approaches, and yields important new
understanding as to the device physics of thin-film, optoelectronic applica-
tions.
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.1 Sustainable energy production, solar energy, and pho-
tovoltaics

Initialized by the industrialization in the mid-18th century, the world has entered an
ongoing period of extensive social, environmental, and economic change, which has not
only led to revolutionary industrial advances and technological inventions, but also to
an unprecedented growth in the world population[1, 2] and an associated, ever-higher
rise in energy consumption. To date, fossil fuels are the predominant energy source
covering most of the global energy demand[3, 4] – a situation that is currently ques-
tioned due to the effects of climate change.[5–8] Many probabilistic projections of these
imminent, anthropogenic threats forecast ecological long-term disasters – the extent of
which can hardly be estimated – calling for rapid and target-oriented actions towards
a more environmental-friendly and sustainable energy production. Renewable energy
sources [also referred to as clean energies], that are, wind, solar and hydropower, are
key engines in driving this dramatic change in the profile and means of energy produc-
tion. By providing the energy to cover the global energy consumption a year within a
fraction of a day, the sun is an almost endless source for solar energy – one of the most
viable sources among the clean energies.
In general, solar energy can be converted to electrical power in three different ways,
which are typically referred to as photovoltaic [i.e., converting solar energy directly into
electrical power via an (internal) photoelectrical effect], photothermal [i.e., converting
solar energy into heat that drives secondary steam generators, hence defining an in-
direct energy transformation], and photocatalytic [i.e., solar energy is used indirectly
to produce electrical energy by promoting the catalysis of chemical reactions, which
are, in turn, lead to reaction-product materials used to be burned and to drive steam
generators] energy conversion. It is worth noting that only the photovoltaic energy
conversion process can be considered as a direct one – devices, whose working prin-
ciple is based upon them, are referred to as solar cells. While the photovoltaic effect
[related to the photoelectrical effect, with the difference that photogenerated charges
in the photoactive material are not ejected] was reported by Alexandre-Edmond Bec-
querel as early as 1839[9, 10], it took until 1954 before the first silicon solar cell was
invented by Chapin et al.[11] at Bell Laboratories delivering power conversion efficien-
cies [a measure of how well a solar cell converts solar energy into electrical power] as

2



1.1 Sustainable energy production, solar energy, and photovoltaics

high as 6 %. Since then, solar cells based upon silicon and other related, type III-V
inorganic semiconducting materials were the subject of intense research, became the
engine for various inventions and research fields, and currently dominate the industrial-
commercial photovoltaic market with power conversion efficiencies breaking 25 % in
single-junction devices.[12, 13] However, given the large embodied manufacturing en-
ergy associated with processing crystalline semiconductors such as silicon accompanied
with ever-growing global energy demands and protracted environmental pollution call
for an environment-friendly alternative for future photovoltaic applications with low-
embodied manufacturing energy, and a high degree of sustainability. In this regard,
next-generation photovoltaics, that is, thin-film solar cells composed of organic and
perovskite semiconducting materials, are an emerging class of solar cells showing great
potential for industrial, large-area fabrication. While Pochettino discovered the electri-
cal conductivity in the polymeric material Anthracene as far back as 1906[14] and the
first fully-operational organic solar cell was reported as early as 1975[15] [with a power
conversion efficiency as small as 0.001 %], tremendous progress, and remarkable high-
efficiency, and inorganic photovoltaic-competitive power conversion efficiencies of close
to 20 % have been achieved only recently. It is also true that the disordered nature of
organic semiconducting materials, high permittivity-related incomplete free charge gen-
eration at room temperature, and low carrier mobilities in organic, conjugated systems
are not only properties differentiating organic from inorganic semiconductors, but also
complicating and limiting the adaption of measurement techniques, previously devel-
oped to investigate solar cells based upon crystalline, high-mobility inorganic materials,
to organic optoelectronics.
In this chapter, the general status of the current understanding of basic, solid-state
physics of crystalline, inorganic semiconductors is reviewed at first, before the class of
organic semiconducting materials is introduced and discussed. Equipped with funda-
mentals in the working principle of excitonic solar cells, and basic photovoltaic device
characterization, the subtle links between device efficiency and electro-optical phenom-
ena are highlighted. Based upon those essential relations, generation and recombination
processes of charge carriers in organic solar cells are elucidated.
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.2 Inorganic semiconductors

Inorganic semiconductors, such as germanium [Ge] and silicon [Si], consist of a pe-
riodic, ordered crystal structure, often referred to as lattice, with atoms covalently
bonded to one another. As the atomic mass of the core is much larger than that of
electrons, the dynamics and bonding of these systems are dominated by the outermost
electrons, known as valence electrons [Born-Oppenheimer approximation[16]]. Here,
the distance between the nearest-neighbour atoms [referred to as lattice constant, a]
is small enough for the wave functions of the involved electrons to overlap, and inter-
act with one another. Electrons are fermions [i.e., particles with a half-integer spin],
hence the occupation of energy states follows the Fermi-Dirac statistics based on the
spin-statistical Pauli exclusion principle[17] [i.e., half-integer particles cannot occupy
the same energetic state characterized by a certain orbital (n), angular momentum (l),
magnetic (m), and spin (s) quantum number]. To evaluate the energetic landscape of
a lattice-structured semiconductor it is conventional to contemplate the available mo-
mentum spectra of valence electrons. Considering an infinite one-dimensional lattice of
equally spaced and fixed atomic cores in k-space [also referred to as reciprocal space, or
momentum space, which can be understood as a Fourier-transform of a Bravais lattice
typically used in solid state physics to define crystalline arrangements[18]] and approx-
imating the valence electron energy as isoenergetic parabola leads to overlaps in the
allowed valence-states between neighbouring atoms as seen in Fig. 1.1a.
Due to Pauli’s exclusion principle, emerging intersections of isoenergetic states are for-
bidden – hence, those states are separated [i.e., energetically lifted and lowered], and
a forbidden energy band is formed [see Fig. 1.1b]. Applying the Drude-Sommerfeld
model to semiconducting materials, the energy of states allowed to be occupied by elec-
trons, can be estimated via the particle-in-a-box model, in which electrons are treated as
an ideal Fermi gas [defined as an ensemble of delocalized and non-interacting fermions]
in a perfectly ordered lattice with infinite-periodic potential [V (r) ∝ V (k) = V (k+G),
where G denotes the reciprocal period lattice constant]. Here, motivated by the delocal-
ization character, electrons are described mathematically as wavefunctions Ψk(r) with

the corresponding Hamiltonian Ĥ = − h̄2

2me
∇2 + V (r) [me ≈ 9.109… × 10−31 kg is the

electron mass, and h̄ ≈ 6.582… × 10−16 eVs denotes the reduced Planck constant]. The
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1.2 Inorganic semiconductors

Hamiltonian Ĥ is composed of an infinite-periodic potential [most prominently sim-
plified as infinite-periodic, rectangular potential barriers in the Kronig-Penny model],
and a kinetic term [containing the electron momentum, p = h̄k]. The corresponding
time-independent Schrödinger equation is then given by[18][

− h̄2

2me
∇2 + V (r)

]
Ψk(r) = EkΨk(r), (1.1)

where Ek denotes the allowed electronic states, known as eigenstates. In accordance
with the Bloch theorem, the solution of this Schrödinger equation is given by so-called
Bloch waves [Ψk(r) = exp(ikr) × u(r) with u(r) = u(r + R), where R denotes a
translation vector of the corresponding Bravais lattice] composed of a kinetic [exp(ikr)]
and infinite-periodic [u(r)] term.

Energy

Energy

𝑘-space

𝑘-space

Energy

𝑘-space

direct bandgap indirect bandgap

(a)

(b)

(c)

Δ𝐸 Δ𝐸

Δ𝑘 > 0

forbidden energy band

Δ𝑘 = 0

direct indirect

Figure 1.1: (a) Schematic of a one-dimensional lattice of equally spaced atom cores with
electron isoenergetic parabolic lines in the energy – k space. (b) Electron-electron coupling
under consideration of Pauli’s exclusion principle leads to the formation of forbidden energy
bands. (c) Schematic of a direct [left] and indirect [right] bandgap semiconductor in the
energy – k space.

5



1. THEORETICAL BACKGROUND AND FUNDAMENTALS

Based upon Pauli’s principle, the energetic solutions to Eq. 1.1, that are, Ek =

[h̄k]2[2me]−1, are filled from low to high energy with the ensemble of all unoccupied
[occupied] energy states defined as the conduction [valence] band. The energy difference
between valence band maximum [of energy EV] and conduction band minimum [of
energy EC] is referred to as bandgap, and has an energy Eg = EC−EV. Based upon the
minimum energy ∆E [also referred to as fundamental energy] and additional momentum
∆k [typically provided via interaction with the lattice vibrations, so-called phonons]
required for a transition from valence band maximum to conduction band minimum,
direct [∆k = 0; e.g., gallium arsenide (GaAs), or indium arsenide (InAs)] and indirect
bandgaps [∆k > 0; e.g., Si, or Ge] are distinguished [see Fig. 1.1c]. At T = 0 K [where
enthalpy and entropy of a system are minimum], all energy states Ek with k < kF

[k > kF] are occupied [unoccupied]. EkF [or simplified EF] denotes the Fermi energy
of the lattice and is defined as the energy at which the probability of electronic state
occupation [f(E)] is 1/2 [for any T > 0 K also referred to as Fermi level]. In general,
this electron occupation probability f(E) of a state of energy E at a given temperature
T , follows the Fermi-Dirac statistics, which can be expressed as:[19]

f(E) =

{
exp

[
E − EF
kBT

]
+ 1

}−1

, (1.2)

where kB ≈ 8.617…× 10−5 eV K−1 denotes the Boltzmann constant. It is worth noting
that the energetic [and spatial] form and magnitude of allowed energy states [referred to
as density of states, or DOS] fundamentally depend on the lattice structure and atomic
arrangements. Further, the DOS can be distorted by structural defect states originating
from randomly distributed impurities, which cause both lattice symmetry and electron
delocalization to break.[20] The electron [hole] DOS, De(E) [Dh(E)], defines the number
of states at energy E per unit energy and unit volume, and can be expressed as:

De(E) = 4π

[
2m∗

e
h2

]3/2√
E − EC (1.3)

and

Dh(E) = 4π

[
2m∗

h
h2

]3/2√
EV − E. (1.4)

Note that the DOS-to-energy relation as represented in Eq. 1.3 and 1.4, reflects a

6



1.2 Inorganic semiconductors

three-dimensional consideration only, and is expected to change to D(E) = const. for
two-, and D(E) ∝ [

√
E]−1 for one-dimensional considerations. Under the assumption of

E −EF > kBT [i.e., when the (quasi-) Fermi level is well distanced from the transport
band edge corresponding to the case of moderate temperatures and/or low doping
concentration; often referred to as non-degenerate semiconductors], the Fermi-Dirac
statistics can be approximated by the Boltzmann statistics fBoltzmann = exp{(EF −
E)[kBT ]−1}. The free electron [hole] density n [p] in a conduction [valence] band –
noting that the n [p] is much less than the total number of available conduction [valence]
band states – can then be expressed as:

n =

∫ ∞

EC

De(E)f(E)dE = NCexp
[
EF,e − EC

kBT

]
(1.5)

and

p =

∫ EV

−∞
Dh(E)[1− f(E)]dE = NVexp

[
EV − EF,h

kBT

]
, (1.6)

where NC and NV denote the electron and hole effective density of states [typically
referred to as the DOS at the corresponding transport band edges], and are given by:

NC = 2

[
2πm∗

ekBT

h2

]3/2
(1.7)

and

NV = 2

[
2πm∗

hkBT

h2

]3/2
. (1.8)

Here, m∗
e and m∗

h denote the effective mass of electrons and holes, which are gener-
ally related to the form of the isoenergetic parabolas in k-space [see Fig. 1.1a, b]
via 1/m∗ = h̄−2

[
∂2E/∂k2

]
. The law of mass action relates the electron and hole

concentrations to one another and can be stated as:

np = n2
i exp

[
EF,e − EF,p

kBT

]
= NCNVexp

[
−

Eg
kBT

]
exp

[
EF,e − EF,p

kBT

]
, (1.9)

where ni denotes the intrinsic charge carrier density. The combination of low bandgaps
[e.g., 0.35 eV (InAs), 0.67 eV (Ge), 1.1 eV (Si), or 1.4 eV (GaAs)][18, 21] and large di-
electric constants [e.g., ε ≈ 15 (InAs), ε ≈ 16 (Ge), ε ≈ 12 (Si), or ε ≈ 13 (GaAs)][18] in
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

inorganic, crystalline semiconductors ultimately leads to a room temperature-activated
dissociation of bound electron–hole pairs after excitation via external stimulus. As a
direct consequence, the intrinsic conductivity σ = enµ [e ≈ 1.602...×10−19 C is the ele-
mentary charge and µ denotes the free carrier mobility typically in the unit cm2V−1s−1]
of inorganic semiconductors lies between 10−8 and 10−2 Ω−1cm−1. Conductors [insu-
lators], in turn, have bandgap energies of Eg ≈ 0 eV [Eg > 3 eV], with EF at T = 0

K situated within the conduction band [right in the middle of the bandgap] exhibiting
conductivities above [below] 10−2 [10−8] Ω−1cm−1. The high conductivities in inor-
ganic semiconductors result, inter alia, from high electron [µe] and hole [µh] mobilities,
e.g., µe ≈ 1400 cm2V−1s−1 and µh ≈ 500 cm2V−1s−1 [Si], µe ≈ 3900 cm2V−1s−1 and
µh ≈ 1900 cm2V−1s−1 [Ge], or µe ≈ 40000 cm2V−1s−1 and µh ≈ 500 cm2V−1s−1

[InAs].[18]
.
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1.3 From inorganic to organic materials

1.3 From inorganic to organic materials

Silicon is one of the most-studied semiconducting material systems in the world and,
when used as p- and n-doped compounds [doping refers to the controlled introduction
of impurities into an intrinsic (i.e., undoped) semiconductor with the aim to modify
electrical properties, such as conductivity] in a p-n junction, a prominent representa-
tive of solar cells – devices that convert solar energy into electrical power. As such,
single-junction crystalline [amorphous] Si-based solar cells currently reach efficiencies
as high as 26.7 %[12] [> 10 %[13]]; single-junction GaAs-based solar modules recently
broke the 28 %[13] limit. However, the manufacturing processes of inorganic solar cells
are expensive and highly energy- and time-demanding due to special purification proce-
dures, high processing temperatures, and complex crystal growing techniques. Hence,
a new generation of photovoltaic systems, that is, solar cells based upon organic semi-
conductors attracted attention in the photovoltaic community. Organic materials are
easy to synthesize, low weighted, often solution-processed, offer mechanical flexibility,
and are much cheaper to fabricate. Thus, organic photovoltaic applications offer an
attractive and economy-friendly alternative to their inorganic-based counterparts. In
particular, the high absorption coefficients of organic semiconductors enable the fabri-
cation of thin, yet absorption-efficient optoelectronic devices. While advances in organic
chemistry and polymer engineering allow for almost endless variability in organic semi-
conductor properties, the mechanical flexibility and low-cost fabrication, in turn, open
completely new markets for organic photovoltaic applications, e.g., the integration of
organic solar cells, light emitting diodes, and photodetectors into buildings, vehicles,
and clothing.
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.4 Organic semiconductors

In contrast to their inorganic crystalline counterparts, organic semiconductors are hy-
drocarbon compounds that feature a π-electron system, and are categorized as the
group of polymers and materials of low-molecular weight, often referred to as small
molecules, or molecular semiconductors. The π-electron system results from interact-
ing pz-orbitals of nearest neighbouring carbon atoms via alternating single and multiple
[most commonly, double] bonds [see Fig. 1.2a]. The molecular backbone, however,
is based on σ-bonds, which result from the [sp, sp2 and sp3] hybridization of car-
bon atoms [i.e., the 2s and 2p carbon atom orbitals form, according to Hund’s rules,
up to four energetically equal hybrid orbitals], and are much stronger than the π-
counterpart bonds due to their lower coupling strength. To determine the allowed en-
ergy states in an organic semiconductor, the π-electron systems can be approximated
via the particle-in-a-box approach, where the length of the box L = aN is determined
by the [average] carbon bond length a between N carbon atoms. Solving the cor-
responding time-independent Schrödinger equation results in eigenstates with energy
En = h2n2[8meL]−1 [h = h̄2π ≈ 6.626…×10−34 m2kg s−1 denotes the Planck constant].
The interaction of the involved carbon valence electron wavefunctions, which can be
understood as constructive and deconstructive interference, is associated with the for-
mation of energetically lower lying π and σ orbitals [referred to as bonding orbitals],
and energetically higher lying, hence unfavoured, orbitals [referred to as anti-bonding
π∗ and σ∗ orbitals]. While the lowest N/2 states [π and σ orbitals] are occupied
by electrons [where the highest occupied orbital is referred to as the highest occupied
molecular orbital, or HOMO], the energetically higher lying N/2 states [π∗ and σ∗ or-
bitals] remain unoccupied [referred to as the lowest unoccupied molecular orbital, or
LUMO]. Analogous to inorganic semiconductors, the energy gap [or, bandgap] in or-
ganic semiconductors is defined as the difference between the HOMO and LUMO levels
[Eg = h2[8mea2N ]−1 ∼ [L]1] [see Fig. 1.2b]. It is worth noting that the HOMO and
LUMO in molecular solids are not ’real’ bands [and so is the bandgap], but rather lo-
calized eigenstates of the corresponding Schrödinger equation - for convenience in this
thesis, however, the phrase ’bandgap’ will be adopted as the energy difference between
HOMO and LUMO energies. The energetic position of the HOMO and LUMO level
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1.4 Organic semiconductors

[and subsequently, the bandgap Eg] depends on influential, functional end- and side-
groups of the polymer and, in particular, on the length L of the conjugated system. It
is, however, worth noting that this one-dimensional quantum well model is a simplified
approximation only, and while it can explain the decrease in the bandgap energy of
disordered organic semiconductors for an increasing number of involved carbon atoms
N [respectively π-bonds] [e.g., Ethylene (N = 2, Eg,optical ≈ 6.7 eV) → 1.3 Butadiene
(N = 4, Eg,optical ≈ 5.8 eV) → 1.3.5 Hexatriene (N = 6, Eg,optical ≈ 4.8 eV)], it fails
for large N [e.g., Poly(acetylene)]. Here, at large enough N the one-dimensional model
predicts Eg → 0 contrary to experimental observations. This discrepancy can be ex-
plained by Peierls instability theorem, which can be understood as a distortion of a
[molecular] lattice by weak molecule-vibrations leading to a lattice constant transition
from a to 2a, and hence a formation of new transport bands [energies].

𝜎

𝜎∗

𝜋∗

𝜋

LUMO

HOMO

LUMO

HOMO
DOS

Single conjugated
segment

Conjugated segment
chain

Disordered semiconductor

(a) (b) (c)

𝐸𝑖
𝐸𝑗

𝑟𝑖𝑗

Figure 1.2: (a) Simplified representation of macroscopic and energetic structure of a
single conjugated segment with single and double bonds, as well as bonding and anti-
bonding σ- and π-, respectively σ∗- and π∗-, bonds. (b) A chain of multiple conjugated
segments is displayed, where the intra-chain transport of electrons and holes takes place
via band-like transport in HOMO and LUMO energy bands. (c) Schematic picture of
an organic, disordered semiconductor composed of several weakly Van der Waals bonded,
conjugated segment chains. The inter-chain transport of charge carriers in-between the
single segment chains takes place via hopping. The energetic distribution of LUMO and
HOMO levels is summarized by a Gaussian density of states [DOS].
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

A more reliable and accurate method to determine the energy of molecular orbitals is

the so-called LCAO-MO approach – linear combination of atom orbitals to molecular

orbitals.[18, 21] Here, a molecular orbital, Ψk =
∑

i ciϕi, is expanded as a superposi-

tion of involved atomic orbitals, ϕi, which are differently weighted through a pre-factor

ci. Solving the corresponding ’Schrödinger-like’ equation [specifically, defined as Kohn-

Sham equation] and occupying the molecular orbitals with electrons in accordance with

Pauli’s and Hund’s principle ultimately allows the construction of molecular orbitals,

and the estimation of the HOMO and LUMO energy values accordingly.

Similar to an inorganic semiconductor, where the bandgap is a property of the crystal,

the HOMO-LUMO bandgap in an organic semiconductor is an intrinsic property of the

corresponding conjugated system. The energetic disorder inducing irregular structure

of thin, organic semiconducting materials [typically amorphous, or polycrystalline] ac-

companied by relatively weak van der Waals forces, however, does not allow for the

formation of well-defined, broad energy bands as it is the case in inorganic semicon-

ductors. On the contrary, charges in organic semiconducting materials are localized to

single molecules. With [optical] bandgaps of 1.5 to 3 eV and dielectric constants as low

as ε ≈ 3, the energy required to generate free charges in organic semiconductors [i.e.,

to overcome the Coulomb attraction between the LUMO electron and HOMO hole] is

much larger compared to their inorganic semiconductor counterparts. Assuming a di-

electric constant of ε = 3 and a diameter of r = 1 nm, the electron-hole binding energy,

Eb = e2[4πεε0r]
−1, is approximately 500 meV, and thus much larger than thermal en-

ergy at room temperature [∼ 25 meV]. Therefore, upon excitation charges form bound

electron-hole pairs known as excitons. Hence, an additional stimulus [typically in form

of an electric field, or thermal excess energy] is required to overcome the Coulomb at-

traction. Given the nature of organic semiconductors [typically treated as a collective

of single molecular and polymer units] with charge carriers localized to single units

only, the DOSs of single conjugated systems within the ensemble can be mathemati-

cally described via multiple, single delta functions [corresponding to a zero-dimensional

treatment in k- space]. The ensemble of all [energetically distributed] zero-dimensional

DOSs is typically assumed to be either Gaussian or exponential, and can be expressed

accordingly as:
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1.4 Organic semiconductors

Dgauss(E) =
N

σgauss
√
2π

exp
[
− E2

2σ2
gauss

]
(1.10)

and

Dexp(E) =
N

σexp
exp

[
− E

σexp

]
, (1.11)

where N refers the effective density of states [typically on the order of 1020 cm−3],
while σgauss and σexp each specify the width of the Gaussian and exponential distribu-
tion [often referred to as (energetic) disorder] [see Fig. 1.2c].
The molecular structure of organic semiconductors, in particular the side- and end-
chains [typically combinations of heteroatoms such as nitrogen, sulphur, and oxygen]
as well as core units, strongly affect the electronic properties, such as π−π stacking en-
hancing [electron] mobility, or high electron affinity conferring moieties [e.g., chlorine, or
fluorine], or HOMO and LUMO energy levels. Depending on the structural, energetic,
optical, and electronic properties organic semiconductors are classified into two cate-
gories; electron-donating units [typically referred to as donor] and electron-accepting
units [typically referred to as acceptor]. In this regard, it is possible to design molecules
tailored to specific needs though modifications of the chemical structure. While in the
early stage of organic photovoltaic applications, most acceptor-like semiconductors were
based on the C60-fullerene and derivatives [with energy orbitals and optical properties
difficult to tailor due to their stiff ’ball-like’ molecular base structure], more complex,
three-dimensional, and non-fullerene based semiconducting molecules are dominating
the organic acceptor landscape today.[22]
In the following section, the basic working principle of an organic solar cell, that is, a
light-harvesting devices composed of a blend of different organic donor and acceptor
semiconductors, will be reviewed.
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.5 Working principle of an excitonic solar cell

The basic working principle of any solar cell is to transform a flux of photons of energy
Eph into a flux of charge carriers, which can be extracted at the electrodes. Hence,
the overall efficiency [referred to as power conversion efficiency] of any [organic] solar
cell is ultimately determined by the balance between photon-absorption and carrier
extraction. The initial photon absorption and subsequent charge-related processes, such
as generation and transport, take place in a photoactive layer [commonly containing
multiple organic semiconducting materials] sandwiched between two external circuit
forming terminals [i.e., charge-selective electrodes]. To allow incoming light to enter the
photoactive layer, one of the electrodes [ordinarily the anode, as it is the case in solar
cells with conventional device architecture] needs to be a semi-transparent, conductive
material, e.g., indium tin oxide [ITO]. As mentioned above, the exciton binding energy
in organic semiconductors usually cannot be overcome thermally [at room temperature],
which makes so-called homojunction solar cells [where the photoactive layer consists of
a single organic semiconducting material only] very inefficient. In 1986, Tang and co-
workers introduced the concept of so-called heterojunction solar cells[23], where a donor
and acceptor semiconductor are combined – either in a simple planar stack [referred
to as planar bi-layer heterojunction solar cell], or in an intermixed blend [referred to
as bulk-heterojunction (BHJ) solar cell]. While the solar cell designed by Tang was in
a planar device stack architecture [which generally suffers from low light harvesting
efficiency leading to an overall low power conversion efficiency], the concept of blending
an electron donating and accepting unit into a bulk-heterojunction was first applied to
build a solar cell in 1991 by Hiramoto[24] and others[25].
On a macroscopic level, the working principle of an organic, excitonic solar cell contains
multiple essential steps[26, 27] starting with (i) the absorption of a photon of energy
Eph in either the donor or acceptor unit of the bulk accompanied by an excitation
of an electron from the [donor, or acceptor] HOMO to the LUMO followed by quick
relaxation to the LUMO lowest energy state [as shown in step (i) in Fig. 1.3]. This
state is referred to as the singlet exciton state [S1]. The exciton then diffuses to the
donor: acceptor interface, shown in step (ii) in Fig. 1.3. When forming a staggered
type-II heterojunction [as schematically shown in Fig. 1.3], the difference in HOMO
and LUMO energy levels of donor and acceptor unit promote exciton dissociation at the

14



1.5 Working principle of an excitonic solar cell

donor: acceptor interface.[28] Here, electron [or hole] transfer from the donor [acceptor]
LUMO [HOMO], ED,H [EA,L], to acceptor [donor] LUMO [HOMO], EA,L [ED,H], is
energetically favoured [see step (iii) in Fig. 1.3] – commonly referred to as charge
generation via channel 1 [2].[29, 30]
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Figure 1.3: Schematic, simplified energy diagram of a donor: acceptor solar cell. Once a
photon is absorbed in the donor material [i.e., when the energy of the photon is equal, or
larger than the optical gap of the donor material], an electron is excited from the ground
state to an [vibronically] excited states, and a Coulombically bound electron-hole pair
[exciton] is formed. The exciton diffuses to the donor: acceptor interface. After charge-
transfer from the donor LUMO to the acceptor LUMO, a charge transfer [CT] state is
formed. The Coulombically bound CT state, energetically determined by the difference in
donor HOMO and acceptor LUMO, is lower compared to the singlet excited and charge
separated [CS] state. Prior to charge extraction at the electrodes, the free and separated
electrons and hole are transported to the anode and cathode after CT state dissociation.

The excitation of this inter-molecular state formed at the interface [referred to as charge
transfer (CT) state, where the excited electron in the acceptor LUMO is Coulombically
bound to the hole in the donor HOMO] is energetically lower compared to donor and
acceptor intra-molecular S1 states, respectively. The energetic difference between S1

and CT state, ∆E = ES1−ECT, is often referred to as driving force for charge generation
[or exciton dissociation]. While in most fullerene-acceptor based organic solar cells,
∆E is found to be a few hundred milli electronvolt[31, 32], very low driving forces
[∆E → 0] are observed for non-fullerene acceptor based organic solar cells.[22, 33] It is
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

believed that the high crystallinity, low degree of [energetic] disorder, favourable optical
gaps [i.e., narrower to the corresponding semiconducting donors), and long exciton
lifetimes [respectively, long diffusion lengths], are the reasons for low driving forces,
but yet efficient exciton-to-CT, and CT-to-charge separated [CS] state transitions in
non-fullerene acceptor-based organic solar cells.[22] Once the CT state is dissociated
and charge carrier separation is achieved [see step (iv) in Fig. 1.3], the free and mobile
electron and hole are transported to the electrodes [driven by an internal electric field
Eelec, generated by the difference in work-function of anode, φa, and cathode, φc],
where they can be finally extracted [see step (v) in Fig. 1.3].

D A D A D A D A
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geminate exciton
recombination 

geminate charge
transfer recombination 

non-geminate
recombination 

exciton
photo-generation

charge transfer
state formation

free and mobile
charge carriers

charge extraction
at electrodes

or or or

(i) (ii) & (iii) (iv) (v)

D A

Figure 1.4: After photo-generation of an exciton in the donor (i), the exciton diffuses to
the donor: acceptor interface (ii), where a charge transfer [CT] state is formed (iii). Once
the CT state is dissociated (iv), the free and mobile charge carriers are transported to the
electrodes, where the electrons and holes can be extracted (v). Different recombination
pathways act as charge carrier loss channels. As such, the photo-generated exciton and
the interfacial CT state can [geminately] recombine/decay back to the ground state, or,
separated charge carriers can non-geminately recombine.

The presence of high energy barriers [e.g., induced through non-ohmic and non-selective
contacts at the electrode/bulk interface, or non-favourable donor and acceptor HOMO
and LUMO energy levels] can lead to a loss of photo-generated electrons and holes –
most prominently through recombination. As depicted in Fig. 1.4, recombination of
charge carriers in the photoactive layer can occur geminately in case of excitons and
CT states [referred to as geminate, or initial recombination], or non-geminately be-
tween separated and mobile carriers generated independently of each other [referred to
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1.5 Working principle of an excitonic solar cell

as non-geminate recombination]. These recombination processes not only take place
at different locations within the device [e.g., exciton recombination in single donor (or
acceptor) domains; CT state recombination at donor/acceptor interfaces; surface re-
combination at bulk/electrode interfaces], but also cover a broad time window from
pico-seconds [ps], typical of exciton recombination, to micro-seconds [µs], typical of
bulk recombination.

The overall efficiency ηoverall [or, external quantum efficiency, EQE] of any [excitonic]
solar cell depends on the optoelectronic properties of semiconducting [i.e., donor and
acceptor] and extracting [i.e., anode and cathode] components [including thin-film mor-
phology], and hence on the single efficiencies of all processes described above, namely
photon absorption [ηabs], exciton diffusion [ηE,diff] and dissociation [ηE,diss], CT state
dissociation [ηCT,diss] as well as charge transport and collection [ηcol]. Hence, the overall
efficiency of an organic solar cell can be expressed as:

ηoverall = ηabsηE,diffηE,dissηCT,dissηcol. (1.12)

It should be noted that only the latter two efficiencies depend on the electric field
Eelec, while all are influenced by temperature.[26] Thin-film morphology, in turn, has
a non-negligible impact on exciton diffusion, CT state dissociation and charge trans-
port/collection efficiency. As such, only excitons that reach the donor: acceptor inter-
face within their limited exciton lifetime [τexc] can dissociate. In other words, exciton
dissociation occurs when the exciton diffusion length LD =

√
Dτexc [where D is the

exciton diffusion coefficient] is larger than the [average] distance between exciton cre-
ation and donor: acceptor interface; typically, a few tens of nanometers.[34–36] The
domain size of donor and acceptor units and their degree of intermixing determines,
and thus limits, the amount of available interfaces and CT states.[37, 38] In a similar
manner, thin-film morphology is responsible for the availability of continuous, single-
domain pathways required for separated charges [subsequent to CT state dissociation]
to reach the electrodes.[39] The thickness d of organic photoactive layers commonly
varies between tens and hundreds of nanometers[40], and thus is on the order of ul-
traviolet [d < 300 nm], visible [or VIS; 350 nm < d < 800 nm] and infrared [or IR;
d > 800 nm] wavelength regions. Subsequently, low-finesse cavity-effects – such as the
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

formation of standing waves inside the active layer of the photovoltaic device due to
interference between incident and electrode back-reflected light – need to be considered
when probing optoelectronic devices with photo-physical experiments.[41–43]
Based upon Eq. 1.12, different parameters can be defined and measured which are
commonly used in the field of organic photovoltaic [including solar cells, and photode-
tectors] to characterize and evaluate physical processes governing those devices. As
such, the external [internal] quantum efficiency EQE [IQE] [defined as the ratio of
extracted charge carriers to incoming photons; EQE = ηabsηE,diffηE,dissηCT,dissηcol =

ηabsIQE], the external [internal] generation efficiency EGE [IGE] [defined as the ratio
of generated charge carriers to incoming photons; EGE = ηabsηE,diffηE,dissηCT,diss =

ηabsIGE], and the charge generation quantum yield [CGY] [defined as the probability
to generate free carriers] have been, among others, established as reliable quantities.
Throughout the history of photovoltaic, different steady-state and transiente measure-
ment techniques have been developed, each of which seeks to probe, inter alia, one
of above quantities, improve the accuracy of their determination, simplify an existing
measurement setup, and/or extend their applicability.
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1.6 Basic device characterization

1.6 Basic device characterization

Ohmic and selective contacts allow [in the ideal case] only one type of charge carrier
to be injected, while the opposite is extracted. Hence, to drive a current through a
solar cell [which can, in the simplest picture, be considered as a p-n diode] in dark,
the injected electrons and holes are required to recombine – an event whose probability
depends on both electron [n] and hole [p] carrier density. Based upon the mass action
law [see Section 1.2], the recombination probability [linked to the product np] and
the current i are related to one another via i ∝ np ∝ exp(−Eg[kBT ]−1) [see Eq. 1.9].
By applying a forward bias voltage V , the energy barrier can be lowered by qV , so that
exp(−Eg[kBT ]−1) becomes exp([qV − Eg][kBT ]−1), hence i ∝ exp(qV [kBT ]−1). This
exponential relation between current and energy barrier is, in slightly modified form,
referred to as Shockley diode equation.[44] Even though William Shockley derived this
relation for inorganic diodes, the Shockley diode equation has been successfully adapted
to organic p-n diode-based applications, such as organic solar cells.[45]

From an electrical point of view, a solar cell can be considered as a diode which is
in parallel with (i) a shunt resistance [Rp] accounting for leakage currents, (ii) an ex-
ternal current source [jph] supplying a certain photocurrent density, and (iii) in series
with a resistance [Rs] to account for contact resistance. Hence, the current density [de-
fined as the current normalized to the area A of the active layer; j = i[A]−1, typically
in the unit of mA cm−2] versus voltage characteristics of a solar cell can be described
by an extended Shockley diode equation taking both series and shunt resistances into
account:[46]

j = j0

{
exp

[
q(V − jRs)

nidkBT

]
− 1

}
+

V − jRs
Rp

− jph. (1.13)

Here, nid denotes the ideality factor representing the predominant recombination mech-
anism, and takes values between 1 and 2.[47–49] Fig. 1.5a shows the current density
versus applied voltage (J-V ) characteristic of an organic solar cell under illumination
[solid green line] [i.e., artificial 1 sun light under air mass [AM] 1.5G condition] and
in dark [dashed green line] identifying several characteristic marks. At voltage Voc

[referred to as open-circuit voltage], the net current density is zero. The Voc can be
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

explicitly expressed as a function of device parameters such as the ideality factor, the
photocurrent density, and the dark saturation current density [j0]:[50]

Voc =
nidkBT

q
ln

[
jph
j0

+ 1

]
. (1.14)

Assuming [bimolecular] recombination [i.e., nid = 1] of free charge carriers taking place
via CT states to be dominant, one can alternatively express the Voc as a function of
active layer parameters, such as the CT state energy [ECT], the density of available CT
states [NCT], the CT recombination rate [kf], and the generation rate [G]:[51]

Voc =
ECT
q

− kBT

q
ln

[
G

kfNCT

]
. (1.15)

At zero applied voltage, the current density jsc [referred to as short-circuit current den-
sity] flowing through the solar cell corresponds to the photocurrent density generated
by the solar cell under the condition of no external load on the cell [referred to as short-
circuit conditions]. The device photocurrent density generated upon illumination, jph,
can be determined from the [wavelength dependent] EQE spectrum of a photovoltaic
device, and the spectral flux φ of the light source [see Fig. 1.5b]:

jph = q

∫ ∞

E0

EQE(E)φ(E)dE, (1.16)

where E0 is the photon energy lower limit to the integral. It is worth noting that the
photocurrent density depends on incident light intensity [i.e., charge carrier density],
the mobility of electrons and holes in the photoactive layer, the presence of sub-gap
trap states in the donor: acceptor bulk, and other morphological and electro-optical
properties of the solar cell. For applied voltages between zero and Voc, the solar cell
generates power [red solid line in Fig. 1.5a], which is maximized at the so-called
maximum power point characterized by a corresponding maximum power point voltage
[VMPP] and current density [ jMPP], and defining the solar cell operating point. For
V < 0 and V > Voc, in turn, the device consumes power, thus does not operate as a
solar cell anymore. The ratio of the product of VMPP and jMPP to the product of Voc

and jsc is defined as the so-called fill factor [FF] [green shaded square in Fig. 1.5a]:[46]

FF =
VMPPjMPP

Vocjsc
, (1.17)
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which is used to determine the overall power conversion efficiency [PCE]:

PCE =
Vocjsc × FF

Pin
=

Pout
Pin

. (1.18)

Here, Pout is the power output from the solar cell and Pin is the power of the incident
photon-flux.

The J-V curve under illumination of a photovoltaic device can be used to identify
basic power loss channels, which can be generally categorized as intrinsic and extrinsic
losses. As schematically shown in Fig. 1.5c, intrinsic, and hence often unavoidable,
losses include (i) the spectral mismatch between the emitted solar spectrum and the
photovoltaic device bandgap-limited absorption spectrum [i.e., photons with Eph < Eg

are not absorbed], (ii) a thermalization loss due to vibrational interactions of excited
charge carriers with phonons in case that Eph > Eg, (iii) the emission loss of a photo-
voltaic device itself [referred to as Kirchoff’s law, which states that an absorber is also
an emitter], (iv) thermodynamic losses due to the energy-demanding conversion process
of thermal energy into electric power [often referred to as the Carnot cycle], and (v)
entropy generation loss due to a solid angle mismatch in absorption and emission of
the photovoltaic device.[52] The ensemble of all intrinsic losses defines the theoretical
performance limit of a solar cell [referred to as Shockley-Queisser (SQ) limit, see Fig.
1.5c] which is, in case of a single-junction [inorganic] system, ∼ 33 %, and was first
determined by Shockley and Queisser in 1961 for inorganic p-n junctions.[53]
It is worth noting that the SQ-limit can be varied, inter alia, through combining differ-
ent active layers with absorption in complementary solar spectrum regions to maximize
the light harvesting efficiency [commonly referred to as tandem devices, while solar cells
with active layers composed of three semiconductors, in particular, are referred to as
ternary solar cells], or by changing the incident concentration of solar spectrum ab-
sorbed by the photovoltaic device [e.g., in so-called light-concentrator solar cells].
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Figure 1.5: (a) Schematic current density versus applied voltage curve in the dark [green
dashed line] and under artificial sun light [AM 1.5G condition] [green solid line], and
compared with the output power [red line]. Basic parameters are marked: short-circuit
current density [jsc], open-circuit voltage [Voc], maximum power point current density
[jMPP], maximum power point voltage [VMPP], and maximum power point [MPP]. The
green shaded square illustrates the fill factor [FF] of the solar cell. (b) External quantum
efficiency [EQE] spectrum [left axis] and calculated integrated photocurrent density, jph,
[right axis] of a solar cell plotted as a function wavelength. The maximum photocurrent
density corresponds to the upper limit of the integral of EQE and solar flux spectrum
product. (c) Schematic representation of the bandgap-dependent intrinsic losses in solar
cells calculated along [52]. The Shockley-Queisser [SQ] limit is displayed for comparison.

Due to the excitonic and disordered nature of organic semiconductors it is assumed
that the efficiency limit for [single-junction] organic solar cells is approximately 25
%[22, 54] and hence slightly lower compared to their inorganic single-junction coun-
terparts. Extrinsic losses, in turn, come from inefficient generation, transport, and
extraction processes. As such, low photocurrents and photovoltages in light J-V curves
of organic solar cells are typically expressions of poor charge transport [i.e., ηcol < 1, see
Eq. 1.12], non-ideal bulk and interface energetics [i.e., ηE,diff, ηE,diss, ηCT,diss, ηcol < 1,
see Eq. 1.12], and non-optimized morphology [i.e., ηE,diff, ηCT,diss, ηcol < 1, see Eq.
1.12]. As such, large donor: acceptor domains [e.g., due to high molecular weight[55]],
large energy gaps [e.g., due to a spectral absorption mismatch between donor and ac-
ceptor units], and various photocurrent loss mechanisms [e.g., trap-assisted recombina-
tion, build-up of space-charge, bimolecular recombination, series resistance limitations,
etc.] can result in small photocurrents. Non-radiative recombination [i.e., the inter-
action of vibrational and electronic states in the bulk], surface recombination[56] [i.e.,
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1.6 Basic device characterization

the extraction of minority carriers at the ’wrong’ electrode], and small donor: accep-
tor bandgaps[57] can, in turn, lead to low open-circuit voltages or high photovoltage
losses. All the above mentioned sources of photocurrent and photovoltage losses are
direct consequence of non-optimized device architecture and inefficient physical pro-
cesses [see Eq. 1.12], e.g., the transport and collection of electrons and holes, or the
generation and recombination of charge carriers in the donor: acceptor bulk] governing
the photovoltaic device. A precise and careful examination of the fundamental charge
processes is thereby essential for a correct identification of carrier loss channels. Based
on this understanding device fabrication can be optimized and higher device efficiency
can be achieved.
The following sections will draw the fundamental concepts of charge generation and
recombination processes in thin-film optoelectronic devices and thereby chronologically
link ηE,diff, ηE,diss, ηCT,diss and ηcol to basic, electro-optical properties of organic, photo-
voltaic devices.
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.7 Charge generation and geminate recombination

In excitonic materials, charge generation often refers to a combination of mechanisms,
based on which different electronic states can be defined [see Fig. 1.6a].[27, 58],
most importantly singlet excited states [or, ES], and intermediate and Coulombically-
bound CT states. As mentioned in Section 1.5, the latter ones are energetically
lower compared to the donor and acceptor ES – most prominently seen in photovoltaic
external quantum efficiency [EQEPV] and electroluminescence [EL] experiments.[49, 59,
60] While in EQEPV, the CT state is populated directly through photon absorption,
EL refers to the case of indirect CT state population via injected charge recombination
at the donor: acceptor interface.
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Figure 1.6: (a) Electronic states involved in the charge generation process. After absorp-
tion of a photon, an electron-hole pair is excited in either the donor or acceptor molecule
from the ground state (GS) to an excited state (S1, S2, …, Sn). Blue arrows depict optical
transitions (i.e., absorption). The red vertical arrows depict the optical transition (i.e.,
emission) from the CT state back to the GS. (b) Emission (red) and absorption (blue)
spectra for optical transitions between GS and CT state. λ is the reorganization energy,
while ECT is the energy of the charge transfer state.

Inter- and intra-molecular vibrations [i.e., phonons] in a single molecule, and between
multiple conjugated systems, lead to [low- and high-frequency] sub-levels [typically re-
ferred to as vibronic modes] in electronic states [see Fig. 1.6a]. The contribution
of such vibronic modes on optical transitions is commonly expressed in the reorgan-
isation energy [λ] of a system.[51] Given that the electronic states in organic semi-
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1.7 Charge generation and geminate recombination

conductors are populated following Boltzmann statistics, optical transitions [that are,
photon-absorption and radiative decay] between ground state [GS] and excited states
are homogeneously broadened rather than featured by discrete peaks as one would
expect based upon the Frank-Condon principle [see Fig. 1.6b]. Here, the emitted
photon flux [φph,emitted(E)] and absorption [A(E)] spectrum are related to one an-
other via φph,emitted(E) ∝ A(E)E2exp{−E[kBT ]−1}.[51, 61] It is worth noting that the
broadening of GS-to-ES and ES-to-GS optical transitions are also induced by intrin-
sic variations in molecular conformations, and conjugated system packing of adjacent
molecules in donor: acceptor blends, referred to as static disorder.[62]
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1. THEORETICAL BACKGROUND AND FUNDAMENTALS

1.7.1 From excitons to charge transfer states

Based upon the average distance between the excited electron and the remaining hole,
that is, the exciton-radius, two types of excitons are distinguished: Frenkel-type and
Wannier-Mott-type. While the former one typically refers to as excitons in disordered,
low dielectric constant [i.e., organic] semiconductors having strong Coulomb binding en-
ergies [typically several hundreds of milli electronvolt[63]] and hence, an exciton-radius
comparable to a single molecular unit, the latter one refers to weakly-bound excitons
[typically a few tens of milli electronvolt] in crystalline, ordered, and high dielectric
constant materials having an exciton-radius larger than the lattice constant.
Semiconductors with low enough binding energy [e.g., where Eb is smaller than thermal
energy at room temperature] spontaneously separate excitons into unbound electrons
and holes and are therefore classified as non-excitonic [ordinarily inorganic semiconduc-
tors, such as Si, and GaAs]. With increasing binding energy, the separation of excitons
at room temperature becomes less likely, and the electronic properties are dominated
by the excitons – semiconductors that exhibit this behaviour are classified as excitonic
[typically organic semiconductors]. Once an exciton is created, it can recombine [in
case of Frenkel-type], relax back to the ground state via lattice phonon interaction [in
case of Wannier-Mott-type], or diffuse towards a lower exciton concentration part of
the bulk. Hence, exciton recombination and relaxation to the GS lead to ηE,diff < 1.
Only if the exciton reaches the donor: acceptor interface, it can form a charge transfer
state – the precursor step for free charge formation [see Section 1.5]. The thermally
activated process of exciton dissociation is commonly described as a charge transfer
process obeying Marcus theory.[64]
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1.7 Charge generation and geminate recombination

1.7.2 From charge transfer states to free carriers

For the case that the exciton diffuses to the donor: acceptor interface, it relaxes to
a lower-energy, Coulombically-bound CT state [or, charge-transfer exciton]. As men-
tioned before, excited states [including excited charges, excitons, and CT states] can
relax to the lowest, excited state via so-called thermalization [defined as an energy
transfer through phonon emission, or hopping to a lower lying site in an (energetically)
disordered conjugated system]. The role of excess energy and thermalization on the
generation pathway to free charge carriers is still subject of current debate. On the
one hand, CT state dissociation is found to proceed through excited CT states [often
referred to as hot charge transfer states] generated by high energy excitons and thus,
depending on the excess energy of the ES1 state.[65] On the other hand, studies have
reported charge generation in polymer: fullerene BHJ blends to be independent of ex-
cess energy.[61, 66] By conducting time delayed collection field [TDCF] experiments,
Kurpiers et al. found [electric field and temperature dependent] charge generation to
proceed through thermalized and relaxed CT states – independent of the energetic off-
set between CT and S1 states [referred to as driving force for exciton dissociation].[66]
It is assumed that this energetic offset is a requirement for efficient charge generation,
an assumption that has recently been challenged by the emergence of the non-fullerene
acceptors.[22] In this regard, Perdigón-Toro et al. reported a barrierless free charge
generation in state-of-the-art high-efficiency PM6:Y6 thin-film solar cells.[33]
The first description of the dissociation/recombination of interfacial CT states was
based upon a work by Onsager et al. in 1938. In this work the description of the
generation of free charges in a weak electrolyte was based upon the Brownian diffusion-
induced motion and the assumption that the CT state electron and hole have an initial
distance r0.[67] Onsager’s models assumed a temperature-activated charge generation
with an activation energy given by the Coulomb attraction [of the electron/hole pair
at r0]. However, while it could correctly describe the relation between CT state dis-
sociation and applied electric field in few organic semiconductor systems, the model
failed when systems exhibited electric-field independent dissociation. In 1984, On-
sager’s model was revised and extended by Braun through a kinetic approach involving
the consideration of CT state lifetimes τ .[68] Herein, CT states are assumed to ei-
ther recombine geminately to the ground state [with the rate constant kf] or dissociate
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into free carriers [with the rate constant kd]. The efficiency ηCT,diss for a CT state to
dissociate into free carriers can then be expressed as:[68]

ηCT,diss(E) =
kd(E)

kd(E) + kf
= kd(E)τtotal(E), (1.19)

where τtotal = [kd(E)+kf]
−1 defines the total CT state lifetime. It should be noted that,

other than the dissociation component, the geminate recombination rate is assumed to
be independent of the electric field.
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Figure 1.7: (a) Dissociation probability calculated in accordance with the Onsager-Braun
model, and plotted as a function of electric field. The electron-hole distance was varied
between 1.3 nm and 0.6 nm, while a dielectric constant of ε = 3 and a carrier mobility of
µ = 10−4 cm2V−1s−1 were assumed. The curves are labelled with the value of electron-
hole distance in [nm]. (b) Dissociation probability plotted as a function of inverse thermal
energy. The electron-hole distance was set to 2 nm, and ε = 3 and µ = 10−4 cm2V−1s−1

were assumed. The curves are labelled with the assumed electric field [in 107 Vm−1].

Braun assumed that during one lifetime, a CT state can partially dissociate and recom-
bine [with a bimolecular recombination rate constant kr = e(µh + µe)[εε0]−1, in accor-
dance with Langevin theory, see Section 1.8.1 below] and subsequently re-generate
CT states. This is in contrast with Onsager’s theory, where recombined species are
not further considered. In Braun’s model, the temperature and electric field dependent
dissociation rate can be expressed as:[68]

kd =
3µe

4πεε0a3
× exp

[
−∆E

kBT

]
×
[
1 + b+

b2

2
+

b3

18
+ ...

]
, (1.20)
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where a denotes the ion pair radius, b = e3E[8πεε0(kBT )2]−1, and ∆E = e2[4πεε0a]
−1

is the free carrier dissociation [energy] barrier [i.e., the CT state binding energy] in the
case of ion pair assumption. Following kd(E, T ), the CT state dissociation probability
also depends on the temperature and the electric field [see Fig. 1.7]. As shown in
Fig. 1.7a, efficient charge generation is [assuming typical device parameters, such as
d = 100 nm, ε = 3, µ = 10−4 cm2V−1s−1, T = 300 K, and a built-in voltage of Vbi = 1

V] expected to occur at electric fields Eelec = |Vappl − Vbi|d−1 as large as 107 Vm−1

[which corresponds to ∼ 0 V applied bias voltage]. Hence, for most neat, organic solar
cells, inefficient CT state dissociation is expected under open-circuit conditions [i.e.,
when the internal electric field approaches zero, corresponding to applied voltage of
∼ Vbi].
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1.8 Charge collection and non-geminate recombination

As discussed above, small, conjugated molecular units in disordered, low-mobility semi-
conducting materials accompanied by energetic and spatial disorder make the band-
transport model [which assumes delocalized charges as it is the case in ordered, crys-
talline semiconductors] not applicable for organic semiconductors [see Fig. 1.2]. In-
stead, a hopping-transport model is used in organic semiconductors, in which charge
transport is described as a hopping process [often referred to as thermally activated
tunnelling] of charge carriers between differently aligned, adjacent molecule sites, as
formulated in the Miller-Abraham theory:[69]

kij = ν0exp[−γrij]

 exp
[
−
Ej − Ei
kBT

]
, if Ej > Ei

1 , if Ej ≤ Ei.
(1.21)

Here, the hopping rate kij depends on the maximum hopping rate ν0, the distance rij

between two sites i [with energy Ei] and j [with energy Ej] [as schematically shown in
Fig. 1.2c], and the inverse localization radius γ [related to how well a tunnel process
of charges from site i to j is]. It becomes clear that while the first exponential term in
Eq. 1.21 is related to the tunnelling process, the second exponential term in Eq. 1.21
accounts for the thermal contribution to hopping. Furthermore, it is important to note
that the hopping rate depends on the energy of the available states [i.e., Ei and Ej],
hence on the distribution reflected in the density of states, DOS. Hopping processes with
Ej > Ei [Ej ≤ Ei] are defined as thermally activated upward [independent downward]
hops. The hopping velocity vij is proportional to the hopping rate and can be expressed
as vij = rijkij = rijt

−1
ij , where tij denotes the required time for a single hop of a charge

from one to another site. The mobility of charge carriers µ is then given by µ = vijE
−1
elec,

and defines the time ttr = d2µ−1|U |−1, photogenerated charge carriers need to be
extracted at the electrodes [or alternatively, the time to transit the distance d from
one to another electrode, τtr] under the influence of a potential U = V − Vbi. The
temperature dependence of hopping rate and DOS are reflected in the charge carrier

mobility via µ(T ) = µ0exp
{
−
[

2σ

3kBT

]2}
, where σ denotes the energetic disorder.[70]

The spatial distribution of hopping sites [often referred to as spatial disorder] is typically
described via an electric field dependent mobility µ(Eelec) ∼ exp(βdisorder ×

√
Eelec)
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[βdisorder denotes a pre-factor which is related to the spatial disorder Π]. Given the
finite lifetime τ of excited and separated charge carriers [referring to carriers after
CT dissociation], one needs to consider non-geminate recombination when evaluating
charge transport processes in optoelectronic devices. Different types of recombination
are distinguished based upon their reaction-order, which states how many reactants
are involved into a [non-geminate, or geminate] recombination event. In particular,
non-geminate recombination processes [taking place after CT state dissociation] will
directly influence the charge transport of extractable charge carriers, hence will lead to
ηcol < 1.
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1.8.1 Bimolecular recombination and Langevin theory

A bimolecular [or, second-order] recombination process can be understood as an anni-
hilation of two oppositely charged particles [e.g., electrons and holes], hence the [net-]
recombination rate R [typically in the units of cm−3s−1] depends on both electron [n]
and hole [p] bulk densities: R = kbulknp. Here, kbulk denotes the bimolecular recom-
bination coefficient [in the units of cm3s−1] and is associated with the electron [hole]
carrier lifetime τe = [kbulkp]

−1 [τp = [kbulkn]
−1]. As a direct consequence, only carriers

with τe > τtr [τp > τtr] can be extracted at the electrodes. Alternatively, one can define
the recombination probability based upon the balance between the carrier Coulomb
capture radius and their mean free path. Here, the so-called Coulomb capture radius
[also referred to as Onsager radius], rc = q2[4πεε0kBT ]−1, defines the minimum dis-
tance, at which electron and hole do not interact with one another. From an energetic
point of view, the Coulomb capture radius can be pictured as the distance at which the
temperature-induced kinetic energy of a charge [Etherm = kBT ] equals the Coulomb
potential energy, EC = q2[4πεε0r]

−1 – hence, electrons and holes are condemned to
recombine as soon as they encounter. Assuming a dielectric constant of ε = 3 and
kBT ≈ 25 meV [i.e., thermal energy at room temperature], the Coulomb capture radius
is ∼ 20 nm.
The bimolecular recombination probability is typically described in accordance with
Langevin theory from 1903.[71, 72] Langevin described the recombination probability
of two oppositely charged ions in a simple gas as a function of their distance. Here, the
recombination coefficient depends on the recombination cross section of mobile carriers
[σr = 4πr2] and the carrier velocity [ν = µEC(qr)

−1]. The Langevin recombination
coefficient [kL] can be expressed as kL = e(µe + µh)[εε0]

−1. It is worth noting that kL

defines an upper limit, and while the Langevin theory successfully describes bimolecular
recombination processes observed in single-layer [often neat] organic solar cells, donor:
acceptor blended BHJ systems [where charge encounter occurs at donor: acceptor in-
terfaces only] show a suppressed recombination coefficient kbulk ≪ kL. This suppression
of the Langevin recombination coefficient is accounted for by introduction of a so-called
Langevin reduction factor ζL = kbulk[kL]−1, which is found to take values between 10−3

and 1.[73–75] Koster et al. postulated a mobility-limited charge recombination in BHJ
solar cells, where the faster carriers [i.e., those arriving first at a BHJ interface] must
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1.8 Charge collection and non-geminate recombination

wait for the slower carrier, before recombination can take place.[76] The correspond-
ing encounter rate coefficient is then given by kslower = eµslower[εε0]

−1. However, it
is worth noting that the applicability of encounter limited recombination depends on
the donor: acceptor interconnected network and phase separations. As such, while
Langevin recombination is dominant at small phase separations [typically less than 5
nm], recombination processes in BHJ systems with large phase separation were found
to depend on the slower carrier mobility. In the limit of moderate phase separation
[i.e., between 10 nm and 35 nm, respectively], the recombination rate coefficient was
assumed to be reflected by the geometrical mean of the mobilities [i.e., k ∝ √

µnµp].[77]
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1.8.2 Monomolecular recombination and trap states

Monomolecular [or, first-order] recombination is a non-geminate recombination process
taking place with one reactant only. Here, the recombination rate R = dn/dt depends
linearly on one charge carrier density [e.g., the electron density, n], and can be expressed
as Rmono = dn/dt = kmonon, where kmono denotes the monomolecular recombination
coefficient. If trap states in the bulk of a solar cell are present, either being hole
traps [referred to as donor-like trap states, which are neutral (positively charged) when
occupied (empty)], or electron traps [referred to as acceptor-like trap states, which
are negatively charged (neutral) when occupied (empty)], first-order recombination
may take place via those states. The corresponding trap-mediated recombination is
commonly described in accordance with Shockley-Read-Hall [SRH] statistics[78], where
the associated bimolecular recombination rate coefficient is given by:

βSRH =
CnCpNt

Cn(n+ n1) + Cp(p+ p1)
, (1.22)

where n1 = NCexp[(Et − EC)[kBT ]−1] and p1 = NVexp[(EV − Et)[kBT ]−1] define the
electron and hole concentration in conduction and valance band in the case that the
Fermi-level and corresponding trap energy level coincide. Here, Et defines the [mo-
noenergetic] trap state energy level and Nt is the density of [available] trap states
[typically in the unit of cm−3]. The coefficients Cn and Cp correspond to the elec-
tron and hole capture [or trapping] coefficients and are defined as Cn = eµn[εε0]−1 and
Cp = eµp[εε0]−1. In the case of shallow trap states, EF < Et and thus, n1 ≫ n, p

leading to a recombination rate coefficient βSRH that simplifies to βSRH ≈ CpNt[n1]−1.
Hence, the trap-assisted recombination rate, RSRH = βSRHnp, becomes effectively bi-
molecular. Deep trap states, on the other hand, refer to the case when EF > Et, and
thus, n1 ≪ n, p. Assuming n ≈ p, the SRH recombination rate coefficient can then
be expressed as βSRH = CpCnNt[n(Cn + Cp)]−1 and the SRH recombination becomes
effectively monomolecular. Based upon the expression for Cn [Cp] and n1 [p1], the
so-called trap release time, τrel, [defined as the time after which a trapped charge is
released by thermal activation] can be estimated as follows:[79]

τrel =
1

CnNC
exp

[
∆t
kBT

]
, (1.23)
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1.8 Charge collection and non-geminate recombination

where ∆t is the trap depth [defined as the energetic difference between trap state
and transport level edge]. Assuming typical values of µ = 10−4 cm2V−1s−1, ε = 3,
NC = 1020 cm−3, and kBT ≈ 0.025 eV [i.e., thermal energy at room temperature], Eq.

1.23 then becomes τrel ≈ 1.7 × 10−10exp
[

∆t
0.025

]
s [with ∆t given in (eV)]. Tab. 1.1

lists rounded trap release times for different trap depths, as expected for above values
and calculated along [79].

Trap depth ∆t in [eV] Trap release time τrel
0.05 10−9s
0.23 10−6s
0.41 10−3 s
0.58 1 s
0.69 1 min
0.79 1 h
0.88 1 d
1.03 1 y
1.59 1 ae

Table 1.1: Trap release times τrel estimated from Eq. 1.23 and listed for different trap
depths ∆t assuming of µ = 10−4 cm2V−1s−1, ε = 3, NC = 1020 cm−3, and kBT ≈ 0.025
eV [room temperature]. Trap release times vary between seconds [s], minutes [min], hours
[h], days [d], years [y], and the age of the universe [ae, approximately 13.77 billion years].

It becomes clear that when the trap depth starts to exceed ∼ 0.7 eV, the trap release
time becomes extraordinary long [increasing from seconds (s), minutes (min), hours
(h), days (d), years (y) to the age of the universe (ae; approximately 13.77 billion
years)]. Hence, the contribution of trap states to charge transport processes needs to
be considered when probing the response [e.g., the photocurrent] of an optoelectronic
device - especially when probed with signal-alternating measurement techniques.
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1.9 Motivation and scope

Both generation and recombination of charge carriers play a central role in the work-
ing principle of thin-film solar cells, and set, along with absorption, charge transport
and collection, the overall efficiency of any optoelectronic device. While the low per-
mittivity of organic semiconductors causes free charge generation in these excitonic
system to be incomplete, the disordered nature of low-mobility, organic materials leads
to a hopping-like charge transport, and carrier loss channels predominantly set by re-
combination and the diffusion-governed build-up of space-charge. These subtle, but
important dissimilarities in electro-optical properties between low-mobility, disordered
organic, and high-mobility, crystalline inorganic semiconductors limit measurement
techniques, which were previously developed to probe inorganic semiconductors and
solar cells, to directly apply to their organic counterparts. However, to further enhance
the performance of organic photovoltaic devices through optimization of fabrication
processes, it is essential to examine the generation and recombination processes pre-
cisely, and to correctly evaluate the findings. Motivated by this challenge, the aim of
the work presented in this thesis is to provide tools for probing charge generation and
recombination processes in solar cells composed of organic semiconductors accurately,
and to convey pathways for a better understanding of the physical processes of charge
generation and recombination.
In Chapter 2, electrical and optical noise sources limiting the dynamic range of ex-
ternal quantum efficiency [EQE] measurements will be identified and discussed from
an apparatus and device perspective. It will be demonstrated, how the sensitivity of
EQE measurements can be enhanced when minimizing the influence of these parasitic
noise sources, and dynamic ranges as large as 100 dB can be achieved. Ultra-sensitive
EQE measurements conducted on inorganic, organic and perovskite photovoltaic de-
vices will be used to reveal the contribution of various intra-and intermolecular species
to photocurrent generation. In Chapter 3, a newly developed approach for accurate
determination of charge generation quantum yields in thin-film organic solar cells based
upon temperature dependent, ultra-sensitive EQE measurements, will be the subject
matter. Apart from applying the new methodology to organic, state-of-the-art non-
fullerene acceptor based thin-film solar cells, the subtle link between charge generation
and carrier bulk recombination will be discussed, and applied to organic BHJs resulting

36



1.9 Motivation and scope

in high-efficient, thick-junction organic solar cells. In Chapter 4, a new measurement
technique, that is, low-intensity integral-time-of-flight [LIITOF], will be described, and
demonstrated on thin-film organic and perovskite solar cells. This easy-to-use technique
is based upon the integral-time-of-flight technique, but extended to the low-intensity
regime, and combined with device capacitance measurements. The field dependence of
charge generation will be examined, and results will be correlated to those obtained via
time-delayed collection field [TDCF] technique.
While chapter 2 – 4 will be mainly linked to photocurrent generation, the aspect of
charge carrier recombination will be of subject matter in chapters 5 and 6. As such,
Chapter 5 will focus on the light intensity dependence of thin-film optoelectronic de-
vices, and the influence of different photocurrent loss mechanisms will be reviewed.
Herein, the photocurrent loss-inducing character of trap-assisted recombination, the
build-up of space-charge due to imbalanced mobilities, the series resistance limitation,
and bimolecular recombination will be clarified. Furthermore, it will be highlighted
how intensity dependent photocurrent [IPC] measurements, when performed sensitively
over a broad range of light intensity, can be used to identify predominant recombina-
tion and photocurrent loss mechanisms in thin-film optoelectronic devices. Equipped
with the theoretical framework of photocurrent intensity dependence, and the sensitive
IPC measurement technique, a comprehensive study on recombination mechanisms in
fullerene and non-fullerene acceptor based organic solar cells will be described in Chap-
ter 6. Universally present trap states in the donor: acceptor bulk will be revealed, and
their energetics and contribution to photocurrent losses under operational conditions
will be quantified. By combining sensitive IPC measurements with ultra-sensitive EQE
measurements, the charge-generating and photocurrent-loss inducing character of trap
states will be exposed, and the subtle link between the fundamental process of charge
generation and recombination will be revealed.
Appendix A will be equipped with information to device fabrication, names and
chemical structures of materials, photovoltaic parameter statistics, and drift-diffusion
[DD] model parameters; Appendix B will contain additional experimental and DD
simulation data and figures. All DD simulations were conducted by Dr. O. J. Sand-
berg. Unless otherwise noted, detailed information to the DD model are provided in
[80] and [81].
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Chapter 2

Sensitivity of sub-gap external
quantum efficiency measurements

The measurement of the external quantum efficiency [EQE] for photocurrent generation
at photon energies below the bandgap of semiconductors has always been an important
tool for understanding phenomena such as charge photogeneration via tail and trap
states. The shape of the sub-gap EQE can also reveal the subtle but important physics
of inter- and intramolecular states that lay at the heart of charge photogeneration in
molecular systems such as organic semiconductors. In this chapter, the influence of
optical and electrical noise on the sensitivity of EQE measurements under electrical
and optical bias conditions are examined. It is demonstrated how the dynamic range of
the EQE apparatus can be enhanced to an unprecedented > 100 dB. Several apparatus-
and device-related factors limiting the sensitivity including the electrical noise floor of
the measurement system and probe light source stray light are discussed and elucidated.
By understanding and minimizing the influence of these factors, EQE signals derived
from weak sub-gap absorption features in organic, inorganic and perovskite solar cell
systems at photon energies well below their bandgaps can be detected.
This chapter is written based upon a collaborative work published by the author in the
journal ACS Photonics in 2020 [82].
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2. SENSITIVITY OF SUB-GAP EXTERNAL QUANTUM
EFFICIENCY MEASUREMENTS

2.1 Sub-gap absorption in disordered semiconductors

Sensitive measurements of photocurrent in solar cells and photodetectors is becom-
ing increasingly important for achieving a better understanding of the mechanisms of
light absorption and charge generation. This is particularly the case for semiconduc-
tors [such as organics] which have a high degree of disorder. Accurate measurement
of photocurrents, and in particular the external quantum efficiency [EQE], below the
semiconductor optical bandgap is challenging because the absorption coefficients are
orders of magnitude smaller than those measured at energies above the gap. In most
crystalline inorganic and perovskite semiconductor devices [such as solar cells and pho-
todetectors] the sub-gap EQE reveals information about the sub-band states such as
traps [83, 84] and energetic disorder [85–87]. In the equivalent organic semiconductor
devices, the sub-gap EQE is often used to investigate so-called charge transfer [CT]
states.[50, 60, 61] The contribution of these sub-gap states to the photocurrent also
plays an important role in the determination of the radiative limit of the open-circuit
voltage.[88]
In several seminal works, the sub-gap photocurrent has been determined using Fourier
transform photocurrent spectroscopy as a fast and sensitive method.[89–91] This tech-
nique can reveal the contribution of photo-active species to the photocurrent with
absorption coefficients orders of magnitude lower than direct band-to-band transitions.
These and related EQE measurements have also proven to be sensitive enough to quan-
tify the contribution of sub-gap states such as the CT states in organic semiconductors
and thus, have made a significant impact on the understanding of the mechanism of
charge generation in organic optoelectronic devices and particularly the physics of CT
states[61], as previously discussed in Chapter 1, Section 1.5. For example, by mea-
suring the EQE sensitively in combination with photo-thermal deflection spectroscopy
[PDS] Vandewal et al. have shown relaxed CT states [directly excited by low energy
photons] can contribute to the photocurrent as efficiently as those CT states populated
via singlet excitons with energies in excess of the CT state energy.[61] Sensitive EQE
measurements are now often used in the literature for determination of CT state ener-
gies as well as their reorganization energies.[66, 92] Absorption coefficients and cross-
sections of CT states have also been inferred from sensitive EQE measurements.[54] All
of these parameters are crucial for understanding the open-circuit voltage of organic
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2.1 Sub-gap absorption in disordered semiconductors

solar cells and to determine non-radiative voltage losses versus CT state energy in con-
junction with electroluminescence measurements via the detailed balance principle.[93]

The importance of measuring EQE spectra sensitively is thus increasingly appreci-
ated, and motivated the work described in this chapter. In this regard, the aim was to
push the boundaries of EQE sensitivity by understanding what fundamentally limits
its measurement and thus how to improve it. To achieve this, a commercial spec-
trophotometer with a double monochromator architecture was used as an ultra-stable,
wide spectral range light source, and inorganic, organic, and perovskite solar cells as
model test systems were examined to probe noise and sensitivity. The influential and
EQE sensitivity-limiting characters of electrical and optical noise sources were demon-
strated, and simple means to reduce them and thus increase the minimum detectable
EQE were proposed. This is especially important for measuring EQE sensitively under
white light or electrical bias, where the device electrical shot noise or light bias optical
shot noise are limiting factors. Finally, it is shown that with an apparatus limit of 100
dB [equivalent to a minimum detectable EQE on the order of 10−10 Hz−1/2], EQEs can
be measured down to the thermal noise limit at short-circuit, the electrical shot noise
limit under electrical bias, and the photon shot noise for white-light biased devices.
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2.2 Basic considerations for sensitivity and dynamic range

The responsivity, R, is defined as the first derivative of the device photocurrent I with

respect to incident light power L:

R =
dI

dL
=

qλ

hc
× ϕe

ϕph
, (2.1)

where λ is the excitation wavelength, q the elementary charge, h the Planck constant

and c the speed of light in vacuum. Here, ϕe denotes the flux of extracted photo-

generated electrons, whereas ϕph denotes the flux of incident photons of energy hc

λ
.

The ratio of ϕe and ϕph is then defined as the external quantum efficiency [EQE]:

EQE =
ϕe
ϕph

=
hc

qλ
×R(λ). (2.2)

An important quantity characterizing an EQE measurement system and its ability to

detect weak EQE signals sensitively over several orders of magnitude is the dynamic

range [DR] defined as the ratio of the highest [EQEmax] and lowest [EQEmin] signal

that is detectable above the noise floor. Assuming EQEmax to be 1 [i.e., in absence of

any gain], the DR is then ultimately depending on EQEmin:

DR = 10× log
[

1

EQEmin

]
= 10× log

[
qλ

hc
× L(λ)

Inoise

]
, (2.3)

where Inoise [given by INSD ×
√
∆f with INSD being the noise current spectral density

(NSD) and ∆f denoting the electrical bandwidth] is the device average noise current.

While most conventional solar cells are designed to achieve the highest EQE in the

visible [Vis] wavelength regime, EQEmin will be typically located at longer wavelengths

[i.e., at photon energies below the bandgap] in the near infrared [NIR]. Subsequently,

achieving a high DR [low EQEmin] requires in the first instance a light source with

particularly high power in the NIR and secondly, a low noise current Inoise. It is worth

noting that Inoise may be frequency dependent if flicker noise is present and at large

enough frequencies it is determined by the thermal noise [dependent on the device shunt

resistance] and/or the shot noise [see Box 2.1].[93–96]
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From Eq. 2.2 it follows that the noise equivalent EQE is given by:

EQENE =
hc

qλ
× INSD

√
∆f

L
. (2.4)

It is worth noting that, as a consequence of Eq. 2.4, every experimentally measured
EQE signal [EQEexp] can be assigned to either a real [i.e., EQEexp > EQENE] or noise
[i.e., EQEexp ≤ EQENE] signal.

Background information to noise current

Box 2.1

The noise current inoise of any optoelectronic device can be calculated from the
sum of shot, thermal and flicker noise:

⟨i2noise⟩ = ⟨ishot⟩2 + ⟨ithermal⟩2 + ⟨iflicker⟩2. (2.5)

While flicker noise is the predominant noise term at low frequencies, at large
enough frequencies, iflicker is negligibly small and Eq. 2.5 can be written as:

⟨i2noise⟩ =

2q∆fid︸ ︷︷ ︸
shot noise

+
4kBT∆f

Rshunt︸ ︷︷ ︸
thermal noise

 , [97] (2.6)

where id denotes the average dark current, kB is the Boltzmann constant, T the
temperature, and Rshunt defines the device shunt resistance. Here, shot noise is
related to the random arrival of charge carriers, while thermal noise is related
to fluctuations of charge carrier densities in the circuit. It follows that the lower
the noise current, the higher dynamic range, DR ∝ log

[
1

Inoise

]
.
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2.3 Home-built, ultra-sensitive EQE apparatus

Fig. 2.1 shows a schematic of the system for the high sensitivity EQE measurements.
In the apparatus, a commercial, high-performance spectrophotometer Lambda950 from
PerkinElmer, conventionally used for reflection, transmission and absorption measure-
ments, acts as the [probe] light source. A combined deuterium and tungsten halogen
lamp [LS1 in Fig. 2.1] provide an extended spectral wavelength regime from 175
nm up to 3300 nm. Several different optical components, such as filters, mirrors and
lenses, together with two double holographic grating monochromators providing a spec-
tral output [slit] width of 5 nm in VIS and 20 nm in NIR, and are used to provide an
ultra-low stray light source with high temporal stability and flexibility to control spot
size and polarization.

Background information to lock-in method

Box 2.2

The lock-in method describes a phase-sensitive detection and measurement tech-
nique of very small alternate current [AC] signals. Herein, the input signal
of a device under test [DUT] is modulated at a certain reference frequency,
ωref = 2πfref. It is worth noting that the input signal can contain a variety of
other frequency-components [at frequency fi and amplitude Ai]. Subsequently,
the input signal can be expressed as:

Arefsin(ωreft) +
∑

i
Aisin(ωit). (2.7)

A so-called lock-in amplifier detects the DUT input signal and multiplies a sine
wave [with the reference frequency ωref; sin(ωreft)] to the input signal. For all
input signals with ωi ̸= ωref, the averaged output signal is zero, leaving only

Arefsin(ωreft)× sin(ωreft) =
Aref
2

× [1− cos(2ωreft)] (2.8)

as the remaining output signal part. While the 2ωref-component of the output
signal in Eq. 2.8 [right-hand side] is filtered out by lock-in amplifier internal
low [high] pass filters, a constant direct current [DC] signal remains.
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The output light from the spectrometer source is physically chopped by a multi-blade
chopper wheel [OC in Fig. 2.1] at frequency f =

ω

2π
[Thorlabs MC2000B] and different

long pass filters [LPF, Edmunds Optics OD4] were used to filter out remaining, parasitic
stray light. As shown in Fig. 2.1, switch S1 allows for the detection of the photocurrent
signal with a lock-in amplifier [Stanford Research Systems, SR860] passing through a
current pre-amplifier [FEMTO, DLPCA-200] with variable gain [up to 109 VA−1 at
low noise] and integrated low noise voltage source allowing for adjustable bias voltages
to be applied [± 10 V]. For EQE measurements under open-circuit conditions, switch
S2 enables the use of a high input impedance [1 TΩ] voltage-pre-amplifier [FEMTO,
DLPVA-100-F-S] with variable gain [up to 80 dB] in series with the device under
test [DUT] [see Fig. 2.1]. A DC blocker [Thorlabs, EF500] is used to maintain
the open-circuit condition when light bias is used. This component is not blocking at
the frequency f [≫1 Hz] so that the total DC current is zero [i.e., open circuit] but
the AC component can be measured. The 100 kΩ resistor in parallel with the voltage
pre-amplifier is used to regulate the input impedance of this pre-amplifier to reduce
the RC-time constant of the circuit. The lock-in amplifier, providing integration times
[electrical bandwidths] from 1 µs [106 Hz] up to 30 ks [∼ 3.33×10−5 Hz], detects the pre-
amplified photocurrent of the DUT. Here, the OC is used as an external reference source
for the AC modulation frequency [see Box 2.2]. For EQE measurements under light
bias, an additional [pump] light source [LS2 in Fig. 2.1] with variable output power
can be used to illuminate the DUT. For the calibration process, a Newport NIST1-
calibrated silicon 818-UV [for wavelengths between 200 nm and 1100 nm], germanium
818-IR [for wavelengths between 780 nm and 1800 nm] and Thorlabs indium gallium
arsenide S148C [for wavelengths between 1200 nm and 2500 nm] photodiode sensor
were used. A resolution and video bandwidth of 1 Hz were utilized for measurements
of the NSD using a Keysight Spectrum Analyzer N9010B [SA in Fig. 2.1] operating
under AC-coupling.

1National Institute of Standards and Technology
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Figure 2.1: Schematic of the experimental setup for sensitive external quantum efficiency
[EQE] measurements using a Lambda950 [PerkinElmer] spectrophotometer. An optical
chopper [OC] is used for modulating the monochromatic light source. Prior to focusing the
light on the device under test [DUT], different long pass filters [LPF] can be used to filter
out parasitic stray light and harmonics of the monochromator. Using switch S1, the current
pre-amplifier amplifies the photocurrent signal and allows for biasing the DUT using its
internal low noise voltage source. Switch S2 optionally allows for the measurement of EQE
under open-circuit conditions using the high input impedance [1 TΩ] voltage pre-amplifier
in series with a DC blocker and a 100 kΩ resistor [corresponds to a gain of 100 dB]. A
lock-in amplifier is used to read the amplified AC photocurrent signal of the DUT at a
specified electrical bandwidth [switch S3]. Switch S4 enables the noise spectral density
[NSD] measurements via a spectrum analyser. Optionally, an additional light source [LS2]
with variable intensity can be used for measurements of the EQE sensitively under light
bias.
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2.3.1 Dynamic range optimization

In order to optimize the EQE apparatus and achieve the large DRs needed to detect
weak signals at photon energies well below the bandgap, identification of optical and
electrical noise sources is of the utmost importance. The electrical noise of the EQE
apparatus was examined by measuring the NSD of the [current] pre-amplifier at the
highest gain of 109 VA−1 as a function of frequency [see Fig. 2.2a]. The noise level
determines the apparatus limit of the EQE measurement when an ideal device [with
noise level smaller than the pre-amplifier] is used. In Fig. 2.2a, the vertical, dashed
line marks the frequency of 273 Hz, at which the EQE measurements were performed.
Importantly, the frequency of 273 Hz consciously avoids the flicker noise at very low
frequencies [< 10 Hz] and the mains hum noise peaks at 50 Hz and multiples [both
flicker and hum reduce at higher frequencies]. The frequency of the measurement must
clearly be chosen to be different to the hum noise peaks. Failing to do so will result
in a substantial increase to the background noise of the measurement which cannot
be improved by lowering the electrical bandwidth as the hum noise peaks will then
appear as parasitic ’signal’ with constant phase such that they cannot be averaged
out by longer integration times. However, one should also be aware that the choice
of frequency is not only limited by the technical aspects of the EQE system [e.g.,
mechanical limitations of the chopper blade or noise peaks of the pre-amplifier], but
also by the underlying physical processes of the DUT, such as charge transport and
RC-time of the device/circuit as well as trapping and de-trapping lifetimes of charge
carriers within the active layer. Therefore, higher frequencies greater than the cut-
off frequency of the device/circuit combination must additionally be avoided. Failing
to do so will result in an underestimation of the EQE. As shown in Fig. 2.2a, a
pre-amplifier NSD of 1.62 × 10−15 AHz−1/2 [at gain 109 VA−1] at a frequency of 273
Hz [see Fig. 2.2a, vertical dashed line] was measured with the spectrum analyzer
under dark conditions using an electrical bandwidth of 1 Hz. Fig. 2.2b [left axis;
black line] shows the output light power L of the Lambda950 measured with calibrated
photodiodes. The EQENE was calculated from Eq. 2.4 and is shown as the red curve
in Fig. 2.2b [right axis]. This represents the fundamental limit of the apparatus
at an electrical bandwidth of 1 Hz. As shown in Fig. 2.2b, a minimum EQENE of
approximately 1.14 × 10−10 Hz−1/2 was achieved at 1200 nm, while an EQE of 2.15
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× 10−9 was obtained at 2500 nm. It is worth noting that the noise equivalent EQE
ultimately depends on the electrical bandwidth [see Eq. 2.4] and subsequently, one
has to decrease the electrical bandwidth in order to reduce the total noise, measure a
lower EQE and thus achieve a higher DR. This, of course, slows down the speed of the
measurement.

Figure 2
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Figure 2.2: (a) Noise spectral density [NSD] of the current pre-amplifier plotted as a
function of frequency. The vertical dashed line marks the chopping frequency of 273 Hz,
at which the sensitive external quantum efficiency [EQE] measurements were performed.
Flicker noise is dominant at very low frequencies [< 10 Hz] and hum noise peaks at har-
monics of 50 Hz are evident. (b) Output power of the Lambda950 spectrophotometer [left
axis; black line] measured with calibrated silicon, germanium and indium gallium arsenide
photodiodes, and calculated apparatus noise equivalent EQE [EQENE] spectrum of the
current pre-amplifier [right axis; red line] representing the minimum detectable EQE spec-
trum of the apparatus at an electrical bandwidth of 1 Hz. (c) EQE and calculated EQENE
spectra of a calibrated silicon photodiode measured at different electrical bandwidths and
long-pass filters [LPF]. Vertical dotted lines mark the calculated thermal noise limits.

In this regard, it should be noted that the total EQE measurement time depends on
both electrical bandwidth and wavelength step size. For large EQE signals [typically at
photon energies above the bandgap] the electrical bandwidth [integration time constant]
can be increased [decreased] to 1 Hz [1 s], while for EQE signals below the bandgap the
electrical bandwidth is decreased to much lower values down to 0.33 mHz corresponding
to a time constant of 3 ks. The measurement time is also defined by the relaxation
time of the lock-in amplifier which is typically four times larger than the time constant.
Subsequently, a total measurement time for a highly sensitive EQE measurement over a
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broad wavelength regime can easily take up to 24 hours to complete. Having understood
and characterized the apparatus-limited EQENE, a crystalline silicon photodiode [818-
UV, Newport] was investigated as a DUT [see Fig. 2.2c]. The EQE measurements
were performed at short-circuit at an electrical bandwidth of 33 mHz. The EQENE

was calculated from the noise spectral density of the silicon photodiode and plotted
in the same panel as a dotted curve. When using the Lambda950 as a light source
only [i.e., without additional long pass filters], the experimentally obtained EQEexp

[see solid, red line in Fig. 2.2c] exhibits an apparent sub-bandgap plateau with an
EQE of 10−7. Using an additional 1200 nm long pass filter, this plateau disappears and
the EQEexp agrees with the thermal-noise-limited EQENE at long enough wavelengths
[see solid, blue line in Fig. 2.2c]. This implies that in absence of the long-pass filter
the minimum detectable EQE was limited by the optical [parasitic stray light] noise of
the monochromator which in this case was on the order of -70 dB relative to the main
monochromator signal. To further improve the sensitivity, a 100 times lower electrical
bandwidth of 0.33 mHz was used resulting in an EQENE at 1800 nm of approximately
10−10 [see solid, green line in Fig. 2.2c] and a DR of 100 dB was thus achieved.
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2.3.2 The influence of optical bias on sensitivity

In the following section, the sensitive EQE under light bias conditions is discussed.
Under these conditions, the overall noise current is limited by the thermal noise of the
device and the photon shot noise of the light bias source with the latter being dominant
at relevant light intensities up to 1-sun equivalent illumination. Fig. 2.3a shows the
NSD of an organic PBDB-T:ITIC solar cell plotted as a function of short-circuit current
density, Jsc. Details to device fabrication and dark [light] J-V curves are provided in
Appendix A and Fig. B.1 in Appendix B. Different short-circuit current densities
were obtained by varying the output power of three different bias light sources - a laser
diode, a light-emitting diode [LED], and a Halogen lamp. The dashed line in Fig. 2.3a
represents the ideal NSD of the PBDB-T:ITIC solar cell as if it was light-biased with a
shot noise-limited light source [i.e., an ideal laser] with the photon noise of δn =

√
⟨n⟩,

where ⟨n⟩ is the average photon number. It is worth noting that an ideal laser is shot
noise-limited and clearly, the laser used here is far from that limit. The 520 nm laser
diode source exhibits the largest noise which is approximately three orders of magnitude
higher than the photon shot noise. The Halogen lamp exhibits the lowest noise and
about 10 times larger than the photon shot noise of an ideal coherent source. A thermal
light source exhibits super-Poissonian photon statistics1 hence photon noise larger than
the shot noise is expected. Based upon the measured noise currents under illumination
the EQENE spectra for the three given different light sources can be calculated.
The results for the calculated EQENE spectra under light bias with different light
sources are shown in Fig. 2.3b. The dahsed line represents the expected EQENE for
the PBDB-T:ITIC solar cell when a shot-noise-limited light source is used. Amongst
the three light sources, the halogen lamp exhibits the lowest noise thus lower EQENE.
Therefore, for the rest of the experiment this light source was employed. Here the
importance of the choice of the bias light source for measuring light-biased sensitive
EQEs should be emphasized. A thermal light source such as a halogen lamp is of-
ten accessible whilst low noise [i.e., shot-noise-limited] lasers with high enough power
are rather expensive. By using an intensity-squeezed light source where the photon
statistics are sub-Poissonian1 [hence photon noise below the shot noise], the EQENE

1 Based on the relation of average photon number ⟨n⟩ to variance δn, photon statistics of light
sources are classified as Poissonian [i.e., δn2 = ⟨n⟩], sub-Poissonian [i.e., δn2 < ⟨n⟩], and super-
Poissonian [i.e., δn2 > ⟨n⟩].
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can be further reduced. However, such sources are again expensive and difficult to
achieve high enough powers for light biasing. By decreasing the electrical bandwidth
similar improvements can be achieved [note, however, that the measurement time then
increases].
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Figure 2.3: (a) Noise spectral density [NSD] at ∆f = 1 Hz and f = 273 Hz of a PBDB-
T:ITIC solar cell [at short-circuit] plotted as a function of short-circuit current density,
and compared for the three different light sources. Increasing the pump light intensity
[or, the short-circuit current density, Jsc] results in a larger noise current due to the shot
noise associated with the DC background current. (b) Calculated noise equivalent external
quantum efficiency [EQENE] spectra under constant 1 sun equivalent pump intensity and
compared for three different light sources. The dashed black line represents the ideal noise
equivalent EQE which can be only achieved when a shot-noise-limited light source [ideal
laser] is used for light-biasing. The EQENE [representing the minimum detectable EQE,
normalized to the electrical bandwidth] strongly depends on the [optical] noise of the pump
light source.

Fig. 2.4a shows the EQEexp [solid lines] spectra of a PBDB-T:ITIC solar cell measured
at zero applied bias voltage [short-circuit] for the different bias powers corresponding
to a range from 0 to 1 sun. The red solid lines indicate the EQENE. The EQEexp

strongly depends on the shot noise of the solar cell [see Fig. 2.3a] induced by the DC
illumination and limits the sensitivity: while a minimum EQEexp at high wavelengths of
approximately 10−7 could be obtained without additional illumination [see black solid
line in Fig. 2.4a], only 10−4 [see blue solid line in Fig. 2.4a] could be achieved at a 1
sun equivalent output power. The calculated EQENE again confirms the strongly shot
noise limited EQE spectra [see dotted lines in Fig. 2.4a]. Fig. 2.4b shows the EQEexp
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of the PBDB-T:ITIC solar cell measured under 1 sun equivalent DC output power of
the halogen lamp both under short- and open-circuit conditions, and compared with the
EQE spectrum obtained at zero bias without bias illumination. For the measurement
of the EQE sensitively under the open-circuit condition, a high impedance voltage
pre-amplifier was used [see Fig. 2.1]. The horizontal dashed and dotted lines mark
the corresponding noise floors at higher wavelengths. In this case the EQEexp obtained
under the open-circuit condition is almost 4 orders of magnitude lower than the EQEexp

measured at short-circuit. Normalization of the EQEexp spectra reveals no significant
change in the spectral shape of the contribution of intra-and intermolecular states to
the EQE between short-and open-circuit conditions.
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Figure 2.4: (a) External quantum efficiency [EQE] [solid lines] and calculated noise
equivalent EQE [EQENE] [red solid line] spectra of a PBDB-T:ITIC solar cell measured
at f = 273 Hz, ∆f = 33 mHz and Vbias = 0V, and compared for three different white
light Halogen pump illumination intensities. The dotted and dashed lines represent the
corresponding calculated noise equivalent EQE spectrum. (b) EQE spectrum of a PBDB-
T:ITIC solar cell under constant 1 sun equivalent pump intensity measured under short-
circuit and open-circuit, and compared with the EQE spectrum at zero pump intensity [at
short-circuit]. The red solid line represent the corresponding calculated noise equivalent
EQE spectrum. Dashed and dotted lines mark the corresponding noise floors at higher
wavelengths. The chopper frequency was set to f = 273 Hz and an electrical bandwidth
of ∆f = 33 mHz was used.
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2.3.3 The impact of electrical bias on dynamic range

Fig. 2.5a shows the NSD of the PBDB-T:ITIC solar cell measured at a frequency
of 273 Hz and an electrical bandwidth of 1 Hz plotted as a function of applied bias.
All NSD measurements were performed in the dark using a Spectrum Analyzer [SA in
Fig. 2.1] and different bias voltages between -1.5 V and 0.85 V were applied using
the internal, low noise voltage source of the pre-amplifier. The horizontal solid line
in Fig. 2.5a marks the NSD of the pre-amplifier [at the highest gain of 109 VA−1]
of approximately 1.62 × 10−15 AHz−1/2 and therefore, represents the noise floor of
the EQE apparatus. At zero bias [short-circuit] the thermal-noise-limited NSD of the
PBDB-T:ITIC solar cell is approximately 1.36× 10−12 AHz−1/2.
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Figure 2.5: (a) Noise spectral density [NSD] of a PBDB-T:ITIC solar cell plotted as a
function of the applied bias. Due to the finite shunt resistance of the device, the noise
at zero bias [short-circuit] is larger than the apparatus noise floor [horizontal solid line].
Increasing the applied [forward or reverse] bias voltage results in a larger noise current due
to the shot noise associated with the background DC current from the applied voltage. (b)
External quantum efficiency [EQE] spectra of a PBDB-T:ITIC solar cell measured at four
different applied reverse bias voltages [solid lines], and compared with the corresponding
calculated noise equivalent EQE spectra [EQENE] [dotted and dashed lines] for each bias.
While at zero bias a minimum EQE of approximately 10−7 could be achieved, the bias
dependent shot noise leads to a minimum EQE of only 10−4 at an applied voltage of -1.5
V. (c) Repetition of panel b) but under different applied forward biases varying between
0 V and 0.85 V.
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Here, the thermal noise due to the finite shunt resistance of the device leads to an
increased NSD of approximately three orders of magnitude above the apparatus noise
limit. Note that the [thermal] noise current [limit] of the device can be also estimated
from the shunt resistance of the device [see Eq. 2.6 in Box 2.1]. As shown in Fig.
2.5a, when increasing the forward or reverse bias, the electrical noise of the PBDB-
T:ITIC solar cell rapidly increases by almost three orders of magnitude to roughly 10−9

AHz−1/2 at an applied reverse bias of -1.5 V, respectively 0.85 V. This is due to the
shot noise induced by the bias current. Fig. 2.5b,c show the experimentally obtained
EQEexp [solid lines] and the noise floors [dotted and dashed lines] corresponding to
the EQENE spectra of the PBDB-T:ITIC solar cell measured over a broad range of
wavelengths at different applied reverse and forward bias voltages. As shown in Fig.
2.5b,c, the voltage dependent shot noise of the DUT strongly influences the sensitivity
of the EQE measurements: while a minimum EQEexp at longer wavelengths of 10−7 at
zero bias could be obtained [see black solid line in Fig. 2.5b,c), only 10−4 could be
achieved at an applied reverse bias voltage of -1.5 V [see blue solid line in Fig. 2.5b,c],
respectively forward bias of 0.85 V. The noise floors shown by the dotted and dashed
lines were obtained by blocking the monochromator beam. These values agree with
the EQENE spectra calculated from the noise currents of Fig. 2.5a confirming that
the EQE is predominantly limited by the shot noise under electrical bias and by the
thermal noise at short circuit condition.
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2.4 Ultra-sensitive EQE of photovoltaic devices

These ultra-sensitive EQE measurements obtained through minimizing the electrical
and optical noise allowed for the detection of photocurrent at photon energies well
below the bandgap of the crystalline silicon photodiode. As shown in Fig. 2.2c,
deep mid-gap states are revealed in the EQE spectrum at wavelengths above 1400 nm
[photon energies smaller than 0.89 eV]. The EQEs of other inorganic optoelectronic
devices including crystalline [c-] [part number KXOB22-12X1, IXYS], poly-crystalline
[poly-] [JY03264, Shenzhen Yibai Network Technology Co., Ltd.] and hydrogenated
amorphous [a-] [TRONY, model number SC8125 S-8] silicon solar cells as well as a ger-
manium [Ge] photodiode [818-IR, Newport] were then examined. These measurements
likewise revealed similar sub-gap absorption features at photon energies well below the
constituent semiconductor bandgaps [see Fig. 2.6a]. A mid-gap trap induced tail is
revealed in the EQE spectra at extremely low responsivities [-60 dB to -80 dB relative
to the above-bandgap EQE] of c-Si and poly-Si solar cells, and the c-Si photodiode. One
can also naturally see that in the a-Si:H solar cell the band-edge is much broader than
that in c-Si and poly-Si solar cells/photodiodes due to the intrinsic and well-studied
energetic disorder. The trap-induced tail of the EQE in a-Si:H is considerably stronger
than that of c-Si and poly-Si with three distinct sub-bandgap peaks due to charged-
traps and defect states.[98]

Ultra-sensitive EQE measurements conducted on a large variety of fullerene and non-
fullerene acceptor based organic solar cells were subject of a recently published article
by Zarrabi et al. in 2020.[49] Here, Zarrabi and co-workers directly observed univer-
sally present charge-generating sub-gap trap states via EQE measurements performed
sensitively over a broad range of photon energies. The trap states were found to be
situated in the middle of the donor: acceptor interfacial bandgap. In this regard, Fig.
2.6b shows the EQE spectrum of an organic PCDTBT:PC70BM solar cell measured
sensitively over a broad range of photon energies.
In 2020, Kaiser et al. developed an approach to determine low finesse cavity-free,
ultra-low absorption coefficients in organic semiconductor materials based upon ultra-
sensitive EQE measurements conducted on active layer thickness dependent organic
solar cells, combined with a transfer-matrix model.[42]. Based upon those findings,
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Armin et al. demonstrated the parasitic influence of low finesse cavity effects on charge
transfer state parameterization based upon EQE measurements conducted on active
layer thickness dependent organic solar cells.[43] These low finesse cavity effects are
also present in perovskite thin-film solar cells, as seen in Fig. 2.6c.
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Figure 2.6: Normalized external quantum efficiency [EQE] spectrum of (a) a crys-
talline silicon [c-Si], poly-crystalline silicon [poly-Si], and hydrogenated amorphous sil-
icon [a-Si:H] solar cell, a silicon and germanium [Ge] photodiode sensor, (b) an organic
PCDTBT:PC70BM solar cell, and (c) a perovskite solar cell plotted as a function of photon
energy.

These ultra-sensitive EQE measurements were also key to a series of other collaborative
works by the author published in the journals Nature Energy, Physical Review Letters
and ACS Energy Letters, in which respectively high-efficiency colloidal Cs1-xFaxPbI3

quantum dot solar cells[99], charge carrier transport and generation via trap-mediated
optical release in organic semiconductor devices[100], and the relation between exciton
emission and voltage losses in PM6:Y6[101] were investigated. These works will not be
described in detail in this thesis but show the importance and utility of [ultra-] sensitive
EQE measurements.
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2.5 Conclusion

In a broader sense, the work detailed in this chapter demonstrated how a relatively
simple direct photocurrent methodology can be optimised to reliably measure EQEs as
low as 10−10 with dynamic ranges as high as 100 dB and to observe sub-gap absorption
features at photon energies well below the bandgap in inorganic, organic and perovskite
optoelectronic devices. This has considerable utility for probing subtle electro-optical
physics and is therefore of great importance for a better understanding of the nature
of inter- and intramolecular states and other sub-gap absorption features in organic,
inorganic, and perovskite thin-film, optoelectronic devices.[42, 43, 49, 99–101]

A guide to improve the dynamic range (DR) of sensitive external quantum effi-
ciency (EQE) measurements

Box 2.3

The dynamic range [DR] of any EQE apparatus depends on three main elements:
(i) the light power L, (ii) the DUT noise current INSD, and (iii) the electrical
bandwidth ∆f :

DR = 10× log
[
qλ

hc
× L(λ)

INSD
√
∆f

]
. (2.9)

To increase the DR of an EQE measurement required to detect weak photocur-
rents [e.g., at photon energies well below an organic semiconductor bandgap],
one needs to have:

• a low optical noise light source [i.e., low parasitic stray light, low light
intensity instability, and absence of lower harmonics],

• low electrical noise electronic components [i.e., low noise cables, high gain
pre-amplifiers with integrated low noise voltage sources, and a Faraday
cage for the DUT],

• a high [low] DUT shunt resistance [current] for low thermal noise, and
• small [high] electrical bandwidths [integration times].
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Chapter 3

Organic solar cells with
near-unity charge generation
yield

The subtle link between charge generation yield [CGY] and bimolecular recombina-
tion in organic semiconductor-based photovoltaics is relatively well established as a
concept but has proven extremely challenging to demonstrate and probe. Received
wisdom teaches that charge generation in excitonic systems will always be lower than
non-excitonic semiconductors such as GaAs – but this view is being challenged with
the advent of organic semiconductor blends based upon non-fullerene acceptors [NFAs].
This chapter, built-upon the advancement in the sensitivity of the external quantum
efficiency measurements described in the previous chapter, presents a newly developed
approach to probe the CGY in photovoltaic devices. Near-unity CGY in several model
NFA-based systems is observed and measured with unprecedented accuracy. A rela-
tively small increase in yield from 0.984 to 0.993 is found to lead to a reduction in
bimolecular recombination from 400 times to 1000 times relative to the Langevin limit.
This reduction delivers one of the best thick-junction performance to date in any or-
ganic solar cell – notably 16.2 % at 300 nm. These results clearly reveal the relationship
between photo-generation and recombination in excitonic semiconductor photovoltaics
thus providing a bridge between basic device physics and practical cell engineering.
The work presented in this chapter is based upon a collaborative work submitted to
the journal Energy & Environmental Science in 2021.[102]
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3.1 Charge generation in non-fullerene acceptor-based or-
ganic solar cells

The performance of organic solar cells [OSCs] has steadily improved in the past two
decades but very recently there has been a sharp increase in power conversion effi-
ciencies [PCE]. This has been driven by radical improvements in the constituent ma-
terials properties via the development of new non-fullerene electron acceptors [NFAs]
– the n-type component.[22] Throughout the history of OSCs, one of the most sig-
nificant factors limiting the PCE of bulk heterojunction cells [BHJs; the dominant
and highest-performing architecture] has been large photocurrent and photovoltage
losses. These losses are associated with incomplete charge generation and the exci-
tonic nature of organic semiconductors, as compared to other semiconductors used in
photovoltaics such as perovskites, GaAs, and silicon in which charges can be gener-
ated with near-unity probability once a photon is absorbed.[103] As described in detail
in Chapter 1, Section 1.4, the low dielectric constants of organic semiconductors
mean that photo-excitations at room temperature predominantly favor Coulombically
bound electron-hole pairs [excitons]. Hence, for excitons to efficiently dissociate, elec-
tron donor:acceptor interfaces are required in a BHJ interconnected network. Free
charge carriers can be subsequently generated at the interfaces and collected at the
corresponding electrodes generating a photocurrent.[104] According to former models
based on fullerene-based electron acceptors, efficient charge generation was understood
to require a driving force for exciton dissociation, which is generally believed to be
provided by the energy difference between the charge transfer [CT] state and the pho-
toexcited exciton [S1] state: ∆ECT = ES1−ECT1 .[37, 105] Consequently, the prevailing
wisdom is that an energy offset of about 0.3 eV is required to drive the charge genera-
tion process.[106] However, the existence of this driving force also creates a problematic
trade-off between the short-circuit current [Jsc] and open-circuit voltage [Voc], which
inevitably reduces the maximum PCE for OSCs.[105, 107]
In several recent high-efficiency organic solar cells based on NFAs, in particular the new
’Y6’ series, efficient charge generation at low energy offsets has been reported.[108] This
means that even though the energetic offset between the donor and acceptor is smaller
than 0.3 eV [but still larger than 0.1 eV [101, 109]], highly efficient solar cells can
be created. Combined with the complementary light absorption of donor and NFA
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semiconductor materials, the smaller energetic offset allows for an increase of Jsc and
Voc simultaneously[110] which ultimately provides for PCEs exceeding 18 %.[111–113]
These new findings are extremely promising for OSCs technologically and have also
encouraged further fundamental work on the dynamics of charge generation.[114–116]
This new insight into NFA-based OSCs [33, 117, 118] has raised important, and po-
tentially field re-defining questions such as: what is the maximum charge generation
yield that can be realized in organic semiconductor photovoltaics; is a driving force for
efficient charge generation always required; and what role do charge generation kinetics
play in determining the charge carrier recombination and device performance?
Even though PCEs as high as 18 % have been realized, 20 % in sight, and a bench-
mark 25 % optimistically predicted[22], several limitations still hold back OSCs from
industrial-scale production with one important limitation being intolerance of the PCE
to increasing the thickness of the active layer. As a general rule, OSC performance in
most systems is optimized at active layer thicknesses of around 100 nm – increasing the
thickness of the active layer in most cases results in a dramatic loss of fill factor [FFs]
and PCE due to relatively poor free carrier transport. However, thin active layer thick-
nesses are challenging for large-scale production [via high throughput, low-cost methods
such as roll-to-roll] and generally also suffer from photocurrent losses due to incomplete
above-gap absorption. As such, significant recent efforts have been expended to iden-
tify high performance OSC systems that can tolerate thick active layers [i.e., 300 nm
and above].[119, 120] Several such systems have been identified, all of which exhibit a
common feature of strongly reduced second order [bimolecular] recombination relative
to the Langevin limit.[121–123] In this regard, reduction factors as large as 2000 times
have been reported for fullerene-based systems,[119] but they unfortunately suffer from
large photovoltage losses and relatively low short-circuit currents. The obvious question
arises as to whether any low-offset, low-loss NFA-based system exhibit similarly high
reduction factors. To address this question, one must appreciate the subtle relationship
between the efficiency of charge photo-generation and bimolecular recombination – as
the former approaches unity, the latter should in principle reduce considerably. This
important link, although historically appreciated, has been difficult to probe and fully
understand, especially under operationally relevant, steady state conditions.
Motivated by these considerations and challenges, in this chapter a study concerning
the charge generation quantum yield [CGY] of several NFA-based organic solar cells
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is described using a new approach involving a kinetic model applied to temperature-
dependent, ultra-sensitive external quantum efficiency measurements. The results re-
veal for the first time, that it is possible to achieve near-unity charge generation quan-
tum yields and realize fully Shockley-type solar cells with organic semiconductors by
utilizing state-of-the-art NFA materials. In particular, it is shown that for PM6:BTP-
eC9, the charge generation efficiency can be as high as 0.993. In addition to the energet-
ics, which have been the subject of several recent and important studies[33, 114–118],
the central role of kinetics in charge generation is also shown. The results reveal that
charge generation in this system involves an energetic barrier which is several times
larger than the thermal energy at room temperature [in accordance with previous re-
ports on similar systems[124]] yet is extremely efficient due to the faster dissociation
rate of bound states to free charges compared with their decay rate. This means that
even though the charge generation mechanism is energetically disadvantaged, it is ki-
netically driven.[125] The near-unity CGY of PM6:BTP-eC9 results in a reduction of
the bimolecular recombination rate constant by more than 1000 times [relative to the
Langevin limit] ultimately enabling organic solar cells with active thicknesses of approx-
imately 300 nm to be realized with a maximum PCE of 16.2 % and FF greater than
71 %. The control systems exhibit [considerably] smaller charge generation yields and
hence are unable to achieve high efficiencies in the thick-junction limit. The results for
PM6:BTP-eC9 solar cells indicate that this system is suitable for lab-to-fab scaling and
additionally, the presented approach provides a route for recognizing and developing
other systems of such potential. It is also a means to probe in accurate detail the link
between charge generation and recombination in excitonic semiconductors.
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3.2 Energetic offset and device performance

Four different polymeric donor:NFA systems PM6:Y6, PM6:BTP-eC9, PM6:ITIC, and
PBDB-T:EH-IDTBR were employed to study their charge generation yields. Fig. 3.1a
shows the highest occupied molecular orbital [HOMO] and lowest unoccupied molecular
orbital [LUMO] energy levels of the four systems PM6:Y6, PM6:BTP-eC9, PM6:ITIC
and PBDB-T:EH-IDTBR obtained previously.[108, 112, 126, 127]
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Figure 3.1: (a) Energy levels of polymer donors and non-fullerene acceptors reported from
previous work[108, 112, 126, 127], (b) current density versus voltage [J-V ] characteristics
under artificial 1 sun AM 1.5G conditions, and (c) external quantum efficiency [EQE] of
∼ 100 nm thick PM6:Y6, PM6:BTP-eC9, PM6:ITIC, and PBDB-T:EH-IDTBR solar cells.
Both panels (b) and (c) represent hero devices; the full statistics on multiple devices are
provided in the Tab. A.5 - A.8 in Appendix A.

While the former three systems possess rather small HOMO-HOMO energy offsets of
roughly ∆EHOMO-HOMO ≈ 0.1 eV, PBDB-T:EH-IDTBR has a relatively large offset
of ∆EHOMO-HOMO ≈ 0.3 eV. The current density versus voltage [J-V ] characteristics
along with the photovoltaic external quantum efficiency [EQEPV] spectra of the corre-
sponding optimized OSC BHJ devices are shown in Fig. 3.1b,c. Experimental details
of J-V and EQE measurements are provided in Box 3.1 and Chapter 2; chemical
definitions, molecular structures, and a detailed device fabrication are provided in the
Appendix A. Despite the low energy offset, PM6:ITIC provides a respectable photo-
voltaic performance of PCE = 9.2 % [9.0 ± 0.2 %] and maximum EQEPV of 66 % [at
λ ≈ 680 nm], while superior PCEs of 15.7 % [15.3 ± 0.4 %] and 17.1 % [16.7 ± 0.2
%] were obtained for PM6:Y6 and PM6:BTP-eC9, respectively, both accompanied by
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EQEPV of over 80 % at around 780 nm excitation wavelength [see Fig. 3.1c], consistent
with values published recently.[108, 114] In contrast, PBDB-T:EH-IDBTR achieved a
lower PCE of 5.9 % [5.6 ± 0.3 %] and maximum EQEPV of 54 % at 570 nm excitation
wavelength. Clearly there is not just a simple correlation between energetic offset and
efficiency and so one is led to question as to what drives the relative performance in
this small but diverse set of models.

Experimental details of light and dark current density versus applied voltage
(J-V ) characterization

Box 3.1

J-V curves under artificial 1 sun AM 1.5G illumination [Oriel LCS-100TM solar
simulator, model 94011A] of the devices [active (pixel) area: 0.04 cm2] were
measured through a shadow mask with area 0.0256 cm2 [determined with optical
microscope] using an Ossila Solar Cell I-V Test System. The solar simulator
was calibrated using a silicon reference cell certified by the National Renewable
Energy Laboratory [model number 91150 V, series number 2087]. J-V curves
were measured in forward direction with 0.5 Vs−1 and 0.02 V step size from -1 V
to 1.1 V. The approximate values of the series and shunt resistances of devices
were (i) directly obtained from the Ossila Solar Cell I-V Test System and (ii)
calculated from the inverse of the gradient at the appropriate points of the J-V
curve.
Dark J-V curves were measured by a Keithley source-measure unit [model 2400]
using an electric-shielded, Faraday cage-like sample holder from Linkam.
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3.3 Charge generation quantum yield

To quantify the charge generation quantum yield in the above four systems, a new
approach based upon temperature dependent, ultra-sensitive EQEPV measurements
[see Fig. 3.2] was employed. In general, the EQE is given by

EQEPV = ηabs(T )× IQE(T ), (3.1)

noting that the absorption probability, respectively efficiency, of the active layer ηabs

is temperature dependent [see Box 3.2]. Here, IQE(T ) denotes the internal quantum
efficiency and is related to the charge generation yield via

IQE(T) = ηCC × CGY(T), (3.2)

where ηCC is the charge collection efficiency. Since charge carrier recombination is
expected to be small due to the low light intensities [at which the EQEs were probed],
changes in ηCC with temperature were assumed to be negligible. Hence, to probe charge
generation, the normalized IQE(T ) is used, which is given by

IQE∗(T ) =
IQE(T )

IQE(Tmax)
=

EQEPV(T )

EQEPV(Tmax)
×
[

ηabs(T )

ηabs(Tmax)

]−1

. (3.3)
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In Fig. 3.3a, the logarithm of IQE∗ of the four performance-optimized NFA-based
systems at an excitation wavelength of λexc = 650 nm are shown as a function of
the inverse thermal energy [kBT]−1 [with kB being the Boltzmann constant]. The
experimental data [symbols] are fitted to a kinetic model [solid lines] which accounts
for the competition between thermally-activated dissociation [of rate constant kd(T )]
and recombination [with rate constant kf] of bound electron-hole pairs:

CGY(T ) =

[
1 +

kf
kd(T )

]−1

, [128] (3.4)

with

kd(T ) = k0 × exp
[
− Ea
kBT

]
, (3.5)

where k0 corresponds to the rate kd at infinite temperature and Ea is the activation
energy of the charge dissociation.

Experimental details of temperature dependent absorptance measurements

Box 3.2

A liquid nitrogen-based, temperature-controlled sample holder from Linkam
in combination with a high-performance spectrophotometer Lambda950 from
PerkinElmer and the integrating sphere module are used to measure tempera-
ture dependent absorptance of films on glass. Relative changes in absorptance
[see Eq. 3.3; last term] are calculated by normalizing the absorptance spectra
to the maximum temperature. Temperature dependent absorptance spectra of
PM6:Y6, PM6:BTP-eC9, PM6:ITIC, and PBDB-T:EH-IDTBR are provided in
Fig. B.2 in Appendix A.

From the fits, the activation energies of PM6:BTP-eC9 [Ea = 118 ± 10 meV], PM6:Y6
[Ea = 103 ± 6 meV], PBDB-T:EH-IDTBR [Ea = 45 ± 2 meV] and PM6:ITIC [Ea = 53

± 4 meV] were determined [see Fig. 3.3b]. Based on the analysis, all four BHJ systems
exhibit a small, yet non-negligible energy barrier for charge generation, strongly sug-
gesting these systems possess a kinetically driven CT state dissociation and thermally
activated kd rate at room temperature [RT] [i.e., Ea > 25 meV]. The corresponding
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CGYs of the four OSCs at RT are shown in Fig. 3.3c. Relatively low CGYs of
CGY=0.633 ± 0.026 for PBDB-T:EH-IDTBR and CGY=0.857 ± 0.019 for PM6:ITIC
were obtained, consistent with their quite low EQEPV of approximately 50 % and 64
% at 650 nm [open symbols in Fig. 3.3c], respectively. Interestingly, while PM6:Y6
shows a very high charge generation yield of CGY = 0.984 ± 0.003 close to unity,
this value increases even further to CGY = 0.993 ± 0.003 for the PM6:Y6 derivative
PM6:BTP-eC9.
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Figure 3.3: (a) Logarithm of the normalized internal quantum efficiency [IQE∗] of ∼ 100
nm thick PM6:BTP-eC9, PM6:Y6, PM6:ITIC and PBDB-T:EH-IDTBR solar cells. The
experimental data are indicated by the symbols, while solid lines show the corresponding fits
to the kinetic model of the charge generation yield [CGY]. The excitation wavelength was
set to 650 nm and no bias voltage was applied. (b) The extracted activation energy [Ea],
(c) charge generation yield [CGY] [filled symbols], and (d) CT recombination probability
[γCT] for PM6:BTP-eC9, PM6:Y6, PBDB-T:EH-IDTBR and PM6:ITIC based on the fits.
For comparison, the EQEPV [open symbols] at RT and 650 nm are included in panel (c).

This new approach combining ultra-sensitive, temperature dependent and absorptance-
corrected EQE measurements with a kinetic rate model, allows one to not only evaluate
the CGY with very high accuracy, but also proves that near-unity charge generation
quantum yields in excitonic organic solar cells are indeed possible. Although all four
OSC systems exhibit similar activation energies, a near-unity CGY was only obtained
in PM6:Y6 and PM6:BTP-eC9 suggesting different CT state recombination kinetics.
The corresponding recombination probability for CT states

γCT = 1− CGY, (3.6)
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critically determined by the rate constant ratio kf/kd , is shown in Fig. 3.3d at RT.
Indeed, while the PBDB-T:EH-IDTBR and PM6:ITIC devices showed a relatively high
γCT of 0.37 ± 0.03 and 0.14 ± 0.02, respectively, a γCT = 0.016 ± 0.03 for PM6:Y6
and an approximately two times smaller γCT = 0.007 ± 0.003 for PM6:BTP-eC9 were
found. The above findings demonstrate that both energetics and kinetics determine the
CGY with the latter being the key factor underpinning the better device performance in
PM6:BTP-eC9 and PM6:Y6. The low CT state recombination probabilities have direct
implications for the bimolecular recombination coefficient β in PM6:Y6 and PM6:BTP-
eC9. In this regard, the important figure-of-merit is the Langevin reduction factor

γ =
β

βL
, (3.7)

where βL is the Langevin recombination coefficient given by

βL = q

[
µn + µp

εε0

]
, (3.8)

with q being the elementary charge, µn [µp] the electron [hole] mobility, and ε the
permittivity of the active layer [see Chapter 1, Section 1.8.1]. However, the CGY is
related to the Langevin-reduction factor via

γ = γCT × γgeo, (3.9)

where

γgeo =
βenc
βL

(3.10)

is the geometrical reduction factor with βenc being the encounter rate coefficient for
charge carriers to form CT states.[129] Therefore, significantly reduced Langevin re-
duction factors in these two systems are expected.
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3.4 On the origin of strongly suppressed recombination

To verify the findings described in Section 3.3, charge transport and recombination
measurements were conducted to estimate γ. Firstly, resistance-dependent photovolt-
age [RPV, see Box 3.3] measurements at zero applied bias voltage were applied to
obtain the mobilities in PM6:Y6 and PM6:BTP-eC9 operational devices [see Fig. 3.5].
For PM6:Y6, slower and faster charge carrier mobilities of µslow ≈ 2×10−4 cm2V−1s−1

and µfast ≈ 1.2×10−3 cm2V−1s−1 were extracted, respectively, whereas µslow ≈ 4×10−4

cm2V−1s−1 and µfast ≈ 2× 10−3 cm2V−1s−1 were found in PM6:BTP-eC9.

Experimental details of resistance-dependent photovoltage (RPV) measurements

Box 3.3

For resistance-dependent photovoltage measurements, the device under test
[DUT] with active layer thickness d is in series with a variable load re-
sistance, Rload [see Fig 3.4; upper panel]. A diode pumped, Q-switched
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Figure 3.4: Simplified schematic of
the RPV setup [upper panel] and
RPV transients for transit time deter-
mination [lower panel].

Nd:YAG laser [Viron, Quantel Laser] is
used to create a short laser pulse, thus
photo-generating charge carriers in the
active layer of the DUT. An oscilloscope
[Rohde & Schwarz, RTM 3004], in par-
allel to the DUT, is used to measure the
photo-pulse induced photovoltage of the
DUT. The load resistance is stepwise in-
creased from 50 Ω to 1 MΩ.
From the RPV transients and the corre-
sponding transit times [ttr] [see Fig 3.4;
lower panel] the charge carrier mobility
is calculated via

µ =
d2

ttr× | V − Vbi |
, (3.11)

where Vbi denotes the built-in voltage,
and V corresponds to the applied bias
voltage.[102, 119, 130, 131]
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Figure 3.5: Resistance-dependent photovoltage [RPV]
transients of a (a) 200 nm thick PM6:Y6 and a (b) 210
nm thick PM6:BTP-eC9 device. The laser excitation wave-
length was set to 525 nm, and no bias voltage was applied
[i.e., short-circuit]. The fast and slow carrier mobilities are
quantified from their corresponding transit times [ttr] shown
in panel (a) and (b) assuming built-in voltages of Vbi = 1.1
V for both PM6:Y6 and PM6:BTP-eC9. Experimental de-
tails of the RPV setup are provided in Box 3.3.

Note that the mobility val-
ues obtained for PM6:Y6
are close to the ones esti-
mated via space-charge lim-
ited current [SCLC] mea-
surements [see Box 6.3] by
Shoaee and co-workers.[132,
133] Subsequently, electrons
[holes] were assigned to the
faster [slower] carriers.
Next, the corresponding β

was quantified from steady-
state double injection [DoI]
currents [see Box 3.4].
Based on the DoI mea-
surements, γ ≈ 2.5 ×
10−3 for PM6:Y6 and γ ≈
1.0 × 10−3 for PM6:BTP-
eC9 were found, respec-
tively, corresponding to 400
times and 1000 times re-
duced recombination rela-
tive to the Langevin limit.
This confirms the pres-
ence of strongly reduced re-
combination coefficients in
PM6:Y6 and PM6:BTP-
eC9, as expected from the
near-unity CGY. From the
Langevin-reduction factor γ and the CT state recombination probability γCT, the geo-
metrical Langevin-reduction factors were estimated to γgeo ≈ 0.16 and γgeo ≈ 0.13 for
PM6:Y6 and PM6:BTP-eC9, respectively. These values are consistent with theoreti-
cally expected values for γgeo,[77] verifying the accuracy of the obtained CGY values.
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Experimental details of (dark) steady-state double-injection (DoI) current
measurements

Box 3.4

The space-charge-limited current [of electrons and holes], Jsc, in the forward-bias
[V ≫ Vbi] is limited by the recombination of electrons and holes injected from
the contacts [here, V is the applied voltage and Vbi the built-in voltage]. For
β ≫ βL [with β being the bimolecular recombination coefficient and βL denoting
the Langevin coefficient, see Eq. 3.8], the injected electrons and holes from the
electrodes recombine as soon as they encounter each other in the active layer.
In this limit, the total current J is given by the combined space-charge limited
currents from the separate electron- and hole-dominated regions:

JSCL =
9

8
εε0 (µn + µp)

V 2
dev
d3

. (3.12)

Here, Vdev is the applied voltage across the device and d is the thickness of the
active layer. For β ≪ βL, corresponding to the case when the recombination
is reduced with respect to the Langevin rate, the electron and hole currents do
not immediately annihilate each other upon meeting in space, resulting in the
establishment of an injected electron-hole plasma in the bulk. In this case, the
total current J is given by:

JDI =
9

8
εε0 (µeff)

V 2
dev
d3

, (3.13)

where

µeff =
2

3

√
4πµnµp

γ
. (3.14)

Finally, the externally applied voltage V is related to the device voltage via

Vdev = V − JRseries ×A, (3.15)

where Rseries is the external series resistance and A is the device area. Neglecting
the presence of an external series resistance [especially in thin devices] generally
results in an underestimation of γ. Note that the DoI theory is only valid for
V ≫ Vbi; therefore, to account for the presence of a built-in voltage, V is usually
replaced by V − Vbi in the above relations for JSCL and JDI.
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3.5 From thin- to thick-junction organic solar cells

The strongly suppressed recombination [low γ], being a direct consequence of the near-
unity CGY, is expected to translate into improved device performance in thick junc-
tions. Concomitantly, PM6:Y6, PM6:BTP-eC9, PM6:ITIC and PBDB-T:EH-IDTBR
devices were fabricated with different active layer thickness from 30 to 470 nm. The
J-V curves of all four systems are shown in Fig. 3.6.
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Figure 3.6: Current density versus applied voltage characteristics of (a) PM6:Y6, (b)
PM6:BTP-eC9, (c) PM6:ITIC, and (d) PBDB-T:EH-IDTBR solar cells under artificial 1
sun AM 1.5G illumination. Photovoltaic parameters are provided in Tab. A.5-A.8 in
Appendix A.

Fig. 3.7a,b show the corresponding FF and PCE at different active layer thicknesses.
The PCE of PBDB-T:EH-IDTBR and PM6:ITIC systems drop off rapidly with in-
creasing active layer thickness due to a significant reduction of both Jsc and FF. In
contrast, PM6:Y6 shows a much less severe thickness dependency, with FF = 61.4 %,
Jsc = 26.8 mA cm−2 and PCE = 13.1 % for the hero device at a thickness of 300 ±
10 nm, confirming the relation between CGY and efficiency of thick-junction OSCs.
However, although PM6:Y6 exhibits respectable device performance in thick junctions,
a substantial degradation in efficiency is still observed when compared with the 100 nm
thick junction. Finally, the best thickness dependent device performance is obtained
for PM6:BTP-eC9 showing a hero PCE of 16.2 %, together with an FF of 71.3 %, in a
300 ± 10 nm thick junction. At the time of writing, this ∼ 300 nm thick PM6:BTP-
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eC9 BHJ is one of the most efficient binary OSC at this active layer thickness, leav-
ing PM6:BTP-eC9 as a promising candidate for lab-to-fab up-scaling. To further
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Figure 3.7: (a) Averaged fill fac-
tors [FFs] and (b) power conver-
sion efficiencies [PCEs] of PM6:Y6,
PM6:BTP-eC9, PM6:ITIC, and
PBDB-T:EH-IDTBR OSCs plot-
ted as a function of active layer
thickness. Error bars represent
standard deviations.

confirm that the thickness-dependent device per-
formance is related to the suppressed recombina-
tion [and thus the CGY], electro-optical device sim-
ulations for PM6:Y6 and PM6:BTP-eC9 devices
were performed, based on a drift-diffusion [DD]
model.[80, 81] An optical transfer-matrix model
which accounts for optical interference effects in
the device stack was used to calculate the gen-
eration profile within the active layer.[134, 135]
Refractive indices of PM6:Y6 and PM6:BTP-eC9
[see Fig. B.3 in Appendix B] were used
as input for the optical model. The generated
’charge generation’ profiles under AM 1.5G con-
dition were then imported to the DD model to
calculate the corresponding J-V parameters. In
Fig. 3.8, the experimentally measured [sym-
bols] and simulated [solid lines] PV parameters
are plotted as a function of active layer thick-
ness. A good overall agreement between simu-
lations and experimental data is obtained, val-
idating the measured transport and recombina-
tion parameters. It is worth noting that a
considerable deviation between experimental and
simulation data is only seen for the thickest
PM6:Y6 device [see Fig. 3.8a,b]. A pos-
sible explanation for this deviation could be
the presence of trap states[49], which are ex-
pected to become increasing important at larger
thicknesses,[136] or morphological non-uniformities
due to different post-deposition active layer drying
rates.
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Importantly, the enhanced performance of PM6:BTP-eC9, relative to PM6:Y6, is
well-reproduced by the DD model confirming the lower recombination coefficient in
PM6:BTP-eC9 to be the primary underlying reason for the relative improvement.
Since γ ∼ 1 − CGY, the value of the Langevin reduction factor is very sensitive to
small changes of CGY in systems where CGY ≈ 1. This also explains why the modest
increase of only 0.9 % in the CGY in PM6:BTP-eC9, relative to PM6:Y6, can result
in noticeably smaller γ and subsequently considerably improved device performance in
thicker junctions.
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Figure 3.8: (a) Short-circuit current density [Jsc] and (b) power conversion efficiency
[PCE] of PM6:Y6 and PM6:BTP-eC9 plotted as a function of active layer thickness. The
symbols are experimental data [averages with standard deviations as error bars], solid
[dashed] lines correspond to drift-diffusion [optical transfer-matrix model] simulations. (c)
Experimentally obtained fill factors [FFs] [symbols] of PM6:Y6 plotted as a function of
active layer thickness and compared with DD simulations [solid lines] assuming different
Langevin reduction factors. (d) Repetition of panel (c) but for PM6:BTP-eC9 OSCs. The
input parameters for the simulations are provided in Tab. A.4 in Appendix A; thickness
dependent EQE spectra are shown in Fig. B.4 in Appendix B.
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3.5 From thin- to thick-junction organic solar cells

For reference, the FF of PM6:Y6 and PM6:BTP-eC9 devices with different γ [but
keeping the mobilities the same as before] were also simulated and are shown in Fig.
3.8c,d. It is clear that both systems benefit from reduced recombination enabling high
efficiencies in thick junctions, whereas the degradation of the FF at thicker junctions
is much more pronounced for larger recombination coefficients. It is worth noting,
however, that a sufficiently high electron mobility is also vital to ensure balanced charge
extraction in conventional thick OSC junctions [where charge carriers are predominantly
generated near the transparent electrode], as discussed in previous works.[40, 137]
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3.6 Organic solar cells with Shockley-type behaviour
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Figure 3.9: (a) Estimated fill factors [FFs]
of PM6:Y6 and PM6:BTP-eC9 with dif-
ferent active layer thicknesses d [symbols]
together with an analytical approximation
for the FF based on the modified Shockley
model[138] [dashed line] plotted as a func-
tion of the figure-of-merit αFOM. The ver-
tical green line marks the transition from
Shockley-type [αFOM < 1] to transport-
limited [αFOM > 1] solar cells. (b) Effective
series resistances RS,eff = [dJ(Voc)/dV ]

−1

obtained from the experimental J-V curves
[symbols] and the corresponding analytical
approximation based on the modified Shock-
ley equation[139] at different d are shown
[solid line]. The case αFOM = 0 [αFOM =
1] for PM6:BTP-eC9 corresponds to the
dashed [dotted] line.

Finally, the competition between charge
extraction and recombination in PM6:Y6
and PM6:BTP-eC9 devices at different
thicknesses were quantified using the mod-
ified Shockley model proposed by Neher
et al.[139] The associated figure-of-merit
αFOM is given by:

α2
FOM =

qβJGd
3

4µnµp(kBT )2
, (3.16)

where JG is the photogeneration current
density and d is the active layer thickness.
In this context, if αFOM < 1, the device
is not limited by transport and thought
to be Shockley-type. In Fig. 3.9a, the
FFs of PM6:Y6 and PM6:BTP-eC9 at dif-
ferent thicknesses are shown as a func-
tion of αFOM estimated from the measured
charge transport and recombination pa-
rameters. Both systems exhibit with in-
creasing active layer thickness a regime of
Shockley-type behavior. This behavior is
maintained up to active layer thicknesses
of 109 nm and 200 nm for PM6:Y6 and
PM6:BTP-eC9, respectively. For compar-
ison, in Fig. 3.9a the analytical ap-
proximation for the FF as per the mod-
ified Shockley model [dashed line] is also
included.[139] To further support the pres-
ence of Shockley-type behavior, the effec-
tive series resistance [RS,eff] is calculated
from the inverse slope of the light J-V
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3.6 Organic solar cells with Shockley-type behaviour

curve at V = Voc, for cells of different junction thicknesses. Based on the modified
Shockley equation[139], RS,eff = RS +kT [qJG]

−1× [1+αFOM] is found, where RS is the
combined series resistance from the contacts, the electrodes, and the external wires.
As shown in Fig. 3.9b, upon comparing RS,eff from experimental data [symbols] with
the analytical RS,eff using the estimated αFOM [solid lines], a good overall agreement
was indeed obtained.
From the above combined experimental and simulation results it is clear that the CGY
of a thin-film OSC is linked to both donor:acceptor interfacial energetics [e.g., energy
offset and activation energy] and kinetics, inevitably reflected in the efficiency of the
corresponding thick junction BHJ. Based on this framework it becomes clear that a
0.9 % higher, near-unity CGY, translating into a ∼ 2.5 stronger suppressed recombi-
nation, leads to a drastic improvement in PM6:BTP-eC9 relative to PM6:Y6 not only
in thin junction BHJs, but more importantly in the thick-junction limit. This subtle
link between photo-generation and charge recombination provides a powerful tool to
merge basic device physics and practical solar cell engineering, allowing for promising
candidates for industrial large-area solar cell fabrication to be identified.
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3.7 Conclusion

The work detailed in this chapter focused on the charge generation dynamics of several
state-of-art organic solar cells, where a new kinetic was model, based upon tempera-
ture dependent ultra-sensitive external quantum efficiency measurements described in
the previous chapter, was introduced. Notably, near-unity charge generation quantum
yields [0.993] were found in a recently reported high efficiency PM6:BTP-eC9 system,
outperforming its PM6:Y6 [CGY = 0.984] counterpart and other non-fullerene solar
cell models. This apparently small difference in the CGY makes these two systems
very different in how they perform in the industrially-relevant thick-junction limit.
The work described in this chapter not only confirmed it is possible to achieve near-
unity charge generation quantum yields using organic semiconductors and to realize
Shockley-type solar cells [i.e., not limited by charge transport], but also showed the
importance of kinetics in charge generation in addition to the energetics. More signif-
icantly, PM6:BTP-eC9 was found to exhibit a faster dissociation rate of bound states
to free charges and slower decay rate compared to PM6:Y6, enabling a reduction of
bimolecular recombination rate constant by more than 1000 times. As a result, an
unprecedented power conversion efficiency over 16 % with an FF greater than 71 %
was achieved in PM6:BTP-eC9 solar cell with an active layer thicknesses of approxi-
mately 300 nm. These results not only reveal the interplay between charge generation,
recombination, and device efficiency in novel state-of-art non-fullerene solar cells, but
also present a route for recognizing and developing other systems with similar potential.
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Chapter 4

Low intensity integral
time-of-flight technique

The generation of free charges in light-harvesting devices is a multi-step process, which
can be challenging to probe due to the complexity of contributed energetic states and
the competitive character of different mechanisms driving the generation process. In
this chapter, a new technique is described to probe the charge generation in thin-
film solar cells. The technique combines capacitance measurements with the integral-
mode time-of-flight method extended to the low intensity regime [LIITOF], and allows
the sensitive measurement of photogenerated charge carrier densities. The theoretical
framework of the method is verified by drift-diffusion simulations, and the applicability
of LIITOF is demonstrated for organic semiconductor and perovskite thin-film solar
cells. Further, the field dependence of the charge generation efficiency is examined
in detail and the LIITOF results are correlated with those obtained via time delayed
collection field conducted on the same devices.
The work presented in this chapter is based on a collaborative work of the author
currently under preparation for submission.
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4. LOW INTENSITY INTEGRAL TIME-OF-FLIGHT TECHNIQUE

4.1 Debates on charge generation pathways

As discussed in previous chapters, neat organic semiconducting materials are charac-
terized by incomplete free charge generation [at room temperature] which is directly
related to their excitonic nature by a virtue of their low permittivity. The involved
mechanism of charge transfer [CT] state dissociation into free charge carriers is hereby
not well understood. While the work of Braun[68] suggested that CT dissociation in
organic solar cells [OSCs] is field dependent [see Chapter 1, Section 1.7.2], most
efficient donor: acceptor blends show either no or only week dependence on the electric
field.[66, 140–142] Hence, more advanced models have been proposed to explain the
fast and efficient dissociation of CT states to free charges. Clarke and Durrant, for in-
stance, considered the role of entropy in CT dissociation events[27], while other models
included the role of energetic disorder[118], delocalization[118, 143], and vibronically
excited [i.e., ‘hot’] states[144] in the formation of free, separated charges. The role of
‘hot CT states’ was challenged by Kurpiers and co-workers, who found the electric field
and temperature dependent charge generation in fullerene acceptor [FA] based organic
bulk-heterojunctions [BHJs] to be independent of excess energy.[66] They concluded, in
line with past findings by Vandewal et al.[61], that charge generation proceeds through
thermalized CT states independent of activation energies and the energetic offset be-
tween relaxed singlet excited states S1 and CT states. This is also to be expected in
the new class of state-of-the-art BHJs based non-fullerene acceptors [NFA] exhibiting
low energetic offsets. Despite this, recent studies on the CT dissociation conducted on
NFA organic solar cells suggested an electric field and excess energy dependent charge
generation.[145] Furthermore, Karuthedath and co-workers proposed a model based on
interfacial D: A band-bending inducing quadrupole moments suggesting the require-
ment of an ionization energy offset to drive charge generation in FA and NFA OSCs
sufficiently.[146, 147]
To gain more insight into the process of CT state dissociation, methods capable of
probing free charge generation efficiency in thin-film solar cells independent of bulk re-
combination are needed. This has proven to be challenging, but if successful, it can be
a guide towards a better understanding of the mechanism of charge generation in state-
of-the-art OSCs. In the past, several measurement techniques have been employed to
investigate free charge generation in optoelectronic devices. While intensity dependent
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4.1 Debates on charge generation pathways

photocurrent [IPC][148] and external [internal] quantum efficiency [EQE [IQE][29, 41]
are prominent examples of steady-state techniques, transient absorption spectroscopy
[TAS][149–151] and time-delayed collection field [TDCF] are, in turn, commonly used
time-resolved probing techniques. Probing charge generation using IPC is questionable
as the results can be affected by first order losses due to trap-assisted recombination
and so-called pseudo-first order recombination near the electrodes.[152, 153] TAS, in
turn, has been used to probe free charge generation via detecting geminate recombi-
nation at early time scales.[154, 155] However this method is not applicable to high
efficiency systems where no geminate losses can be detected. TDCF has been the
most useful method and frequently used to study the free charge generation dynam-
ics in organic and perovskite solar cells.[66, 156, 157] However, while TDCF remains a
powerful methodology, it uses a complex circuit requiring special current pre-amplifiers
with fast bias ramp-up times, and suffers from RC-time limitations at short time-scales.

In this chapter an alternative, easy-to-use measurement technique is advanced to probe
charge generation in optoelectronic devices. The technique is based upon an extension
of the integral-mode time-of-flight method[158] for the low intensity regime, which ac-
counts for capacitive effects associated with the sandwich-type thin-film device struc-
ture. In contrast to TDCF, the proposed method does not suffer from limitations
induced by RC effects, allows for a sensitive measurement of charge carrier density at
very low pulse fluence without a reduced signal accuracy, and does not require ultra-
sensitive fast pre-amplifiers. The new method, however, has a more limited voltage
range than TDCF. The analytical framework behind the technique, low intensity inte-
gral time-of-flight [LIITOF], is derived and verified by drift-diffusion [DD] simulations.
The technique is applied to thin-film organic and perovskite solar cells and the field
dependent external generation efficiency [EGE] is probed finding a good agreement of
experimental results obtained via LIITOF and TDCF conducted on the same devices.
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4. LOW INTENSITY INTEGRAL TIME-OF-FLIGHT TECHNIQUE

4.2 Experimental scheme of TDCF and LIITOF

The schematic and circuit diagram of the LIITOF method is shown in Fig. 4.1a,b.
Here, a large load resistor and an external voltage source [to provide V0 to the circuit]
are connected in series with the device under test [DUT]. A short laser pulse is used to
generate charge carriers in the bulk of the DUT. The voltage transients are recorded
with an oscilloscope put in parallel to the DUT.
In particular, a diode-pumped, Q-switched Nd:YAG laser [Quantel, Viron Version A]
operating a 532 nm excitation wavelength, 6.84 ns pulse width, and 20 Hz repetition
rate is used in combination with a Standa 10MVAA attenuator to generate charge
carriers in the bulk of the DUT. A Keithley 2450 is used to apply voltages on the DUT,
which is in series with a 1 MΩ load resistor. The voltage transients are recorded with an
oscilloscope [Rohde & Schwarz, RTM 3004] with 1 MΩ input resistance put in parallel
with the DUT. For dark C-V measurements, a E5061B ENA Network Analyzer with
modulation frequency of 1 kHz and a video bandwidth of 10 Hz is used, respectively.
The voltage drop across the DUT is measured by a Keithley 2450.
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Figure 4.1: (a) Schematic timeline of a low-intensity integral time-of-flight [LIITOF]
experiment. While the bias Vdev is applied on the device under test [DUT], a short laser
pulse at t = 0 photo-generates charge carriers in the DUT active layer. The photo-induced
change in voltage drop across the DUT active layer is measured by an oscilloscope put in
parallel with the DUT. The green [red] solid line indicates the corresponding photovoltage
transient [applied device bias Vdev]. (b) Circuit of a LIITOF experiment. A large load
resistance RL is in series circuit with the DUT, while the change in photo-induced voltage
drop across the DUT is measured by an oscilloscope with large input resistance put in
parallel to the DUT.

Fig. 4.2a,b show a simplified schematic circuit and triggering diagram of a typical
TDCF experimental setup. Here, a variable pre-bias Vpre is applied on the operational
photovoltaic device under test [DUT] using an external voltage source, while a short
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4.2 Experimental scheme of TDCF and LIITOF

laser photo-pulse leads to the generation of charge carriers in the photoactive layer.
After a certain delay time tdelay the photogenerated charges are extracted by applying
a collection bias Vcoll [typically a high reverse bias]. An oscilloscope is used to record
the current flowing through the DUT, and by integrating the extraction photocurrent
transient, the total number of extracted charge carriers can be obtained.
In particular, a Q-switched Nd:YAG laser [AOT1 picolo] with 0.162 µJ cm−2, λexc = 532

nm, and 1 ns delay time is used to generate a short laser pulse exciting charge carriers
in the bulk of the DUT. While an Agilent 81150A pulse generator provides pre- and
collection bias voltages, an oscilloscope from Agilent [DSO9104H] is used to record the
current transients. Details of the TDCF setup are provided elsewhere, and are outside
the scope of this thesis.[159]
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Figure 4.2: (a) Schematic timeline of a time delayed collection field [TDCF] experiment.
At t = 0, a short laser pulse photo-generates charge carriers in the active layer of a device
under test [DUT], while it is hold under a pre-bias Vpre. After a short delay time, a
high reverse collection bias Vcoll is applied on the DUT to extract all photogenerated
charge carriers. The red [black] solid line indicates the corresponding applied voltage
[photocurrent] transient. (b) Simplified circuit of a TDCF experiment, where the DUT is
in series circuit with an oscilloscope with Rosc = 50 Ω input impedance.
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4.3 Theoretical framework of LIITOF

In LIITOF, the sandwich-type thin-film diode or solar cell device is connected in series
with a large load resistance RL and a voltage source applying a DC bias V0. The device
is initially kept under DC conditions, with the corresponding voltage drop across the
device being given by Vdev = V0 − j0R, where j0 is the [small] DC current density
through the circuit and R = RL ×A is the load resistance times the device area A. At
t = 0, a light pulse is applied to the device, resulting in charge carriers being gener-
ated inside the active layer. The photogenerated electrons and holes are subsequently
transported under the influence of the internal electric field towards the cathode and
anode, respectively, giving rise to a photo-induced voltage transient across the device.
In general, with the anode assumed to be located at x = 0 and the cathode at x = d

[d denotes the active layer thickness], the corresponding total time-dependent current
density [induced by the photogenerated charge carriers drifting to their respective elec-
trodes] is independent of the position x in the device and given by[79]:

jt = jc(x, t) + εε0
∂E(x, t)

∂t
, (4.1)

where E(x, t) is the electric field and jc(x, t) is the conduction current density given
by the sum of the individual electron and hole current densities, which both, on the
other hand, depend on the position x in the active layer and the time t; ε is the relative
permittivity, and ε0 is the permittivity of the vacuum. The associated time-dependent
voltage drop across the active layer is given by V (t) = V0 − j(t)R. Furthermore, the
photo-induced change in the voltage drop ∆V (t) = V (t)−Vdev is related to the change
of the electric field within the active layer via:

∂∆V (t)

∂t
=

∫ d

0

∂E(x, t)

∂t
dx. (4.2)

Subsequently, upon taking the spatial average over the active layer of the total current
in Eq. 4.1, and making use of Eq. 4.2, the following expression is obtained:

∆V (t)

R
+ Cgeo

∂∆V (t)

∂t
= −∆jc(t), (4.3)

where ∆jc(t) = (1/d)
∫ d
0 jc(x, t)dx− j0 is the difference between the spatially averaged

conduction current densities induced by the light pulse [note that ∆jc(t) = 0 for t < 0],
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4.3 Theoretical framework of LIITOF

while Cgeo =
εε0
d

is the geometrical capacitance of the active layer. For large load
resistances [RL → ∞ , corresponding to t ≪ RCgeo], Eq. 4.3 simplifies to ∂∆V (t)/∂t =

−∆jc(t)/Cgeo. Under these conditions, the maximal induced change in the voltage is
given ∆Vmax = ∆Q/Cgeo, where ∆Q = −

∫ textr
0 ∆jc(t)dt, is the total charge induced by

the light pulse, while textr is the time taken for all photogenerated charge carriers to
be extracted at the electrodes. After accounting for non-uniform charge distributions
in the active layer, it can be shown that ∆Q is related to the charge carrier densities
inside the active layer via[160–162]

∆Q =
q

d

∫ d

0
[x∆p(x) + (d− x)∆n(x)]dx (4.4)

assuming negligible charge carrier recombination [i.e., low intensity condition] and no
trapping during the extraction process [0 < t ≤ textr]. Here, ∆p(x) = p(x, 0)−p(x, textr)

and ∆n(x) = n(x, 0) − n(x, textr), where p(x, t) [n(x, t)] is the hole [electron] density
within the active layer at position x and time t.
In general, ∆p(x) and ∆n(x) can be expressed as ∆p(x) = nph(x) + ∆p0(x) and
∆n(x) = nph(x) + ∆n0(x), where nph(x) is the initial photogenerated carrier density
at t = 0 and ∆p0(x) [∆n0(x)] is the related induced change in the dark background
hole [electron] density inside the active layer. In the case of an undoped device with
non-injecting contacts, the background densities are negligibly small, and the active
layer may be treated as an insulator; for this simplified case, Eq. 4.4 reduces to
∆Q = qnnphd, where nph ≡ (1/d)

∫ d
0 nphdx is the spatial average of the photogener-

ated carrier density at t = 0. However, most OSCs employ ohmic contacts. In these
devices, there exists a non-zero dark background density of electrons and holes, diffused
from the contacts, accumulating near the anode and cathode contact, respectively.[162]
These dark charge distributions near the contacts effectively reduces the thickness of
the insulator-like region in the active layer, resulting in an increased device capacitance
relative to Cgeo.
Accounting for the presence of dark charge carriers, Eq. 4.4 can be then expressed as
∆Q = qnphd−∆Q0. Here, ∆Q0 = −q

d

∫ d
0 [x∆p0(x) + (d− x)∆n0(x)]dx represents the

corresponding charge induced by the difference between the background charge density
profiles between t = 0 and t = textr. However, since the background charge carrier pro-
files are determined by the prevailing applied voltage and electric field distribution, in
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contrast to the photogenerated charge qnphd, ∆Q0 is capacitive, associated with a redis-
tribution of the background charge profiles induced by the voltage change ∆Vmax across
the device. For small voltage perturbations ∆Vmax ≪ Vdev, ∆Q0 = (∂Q0/∂V )∆Vmax

is thus expected. Provided that textr ≪ RC [large RL],

nph =
C

qd
∆Vmax (4.5)

is obtained, where

C = Cgeo +
∂Q0

∂V
(4.6)

is the voltage-dependent [steady-state] capacitance of the device in the dark at V =

Vdev. Hence, by measuring ∆Vmax via LIITOF as a function of the voltage Vdev, in
conjunction with device capacitance C, allows for nph versus Vdev to be calculated,
which [for a fixed light intensity] reflects the corresponding external generation efficiency
[EGE].
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4.4 Limitations of LIITOF and how to address them

To verify the analytical treatment, it was first applied to the result obtained from
time-dependent drift diffusion [DD] simulations. The details of the DD model have
been provided elsewhere[80, 81], and are outside the scope of this thesis.[162] Briefly,
in the simulations, a trap-free and undoped active layer with a thickness of 100 nm, a
dielectric constant ε = 3, balanced mobilities of 10−4 cm2V−1s−1, and a bimolecular
recombination coefficient of β = 5× 10−12 cm3s−1 were assumed. Furthermore, ohmic
contacts that are perfectly selective for the extraction of electrons and holes at the
cathode and anode contact, respectively, were assumed. The device was assumed to
have an electrical device area of A = 0.04 cm2 and to be connected in series with a large
load resistance of RL = 1 MΩ, corresponding to R = 4×104 Ωcm2. With the geometric
capacitance of the device given by Cgeo = 26.56 nF cm−2, this amounts to RCgeo ≈ 1

ms. Finally, the photogenerated carriers [introduced at t = 0] were generated with a
uniform rate inside the active layer, with the corresponding density nph = nph assumed
to be directly proportional to the pulse fluence.
Fig. 4.3a shows the simulated voltage transients [solid lines] for different Vdev rang-
ing between -1 V and 0.7 V. The corresponding ∆Vmax are plotted as a function of
pulse fluence for different Vdev in Fig. 4.3b. In Fig. 4.3c, on the other hand, the
device capacitance C under steady-state conditions in the dark [corresponding to low
frequencies] is simulated as a function of Vdev. In general, it can be seen that ∆Vmax

follows a linear dependence with the fluence at small ∆Vmax. At large enough fluences,
however, ∆Vmax eventually deviates from linearity as both higher order recombination
and screening of the prevailing electric field start to play a role [as ∆Vmax becomes
comparable to Vdev]. On the other hand, ∆Vmax is seen to strongly depend on Vdev at
low fluences. It is worth noting that this dependence is present even for the idealized
case when no recombination of charge carriers is present [β = 0, dashed lines]. Instead,
the Vdev dependence of ∆Vmax is a consequence of the associated induced redistribu-
tion of the dark background charge carrier profile inside the active layer. As Vdev is
increased, the diffusion of injected dark charges [from the electrodes] penetrates deeper
into the bulk, effectively reducing the thickness of the neutral [insulator-like] region in
active layer, manifested as an increased device capacitance relative to the geometrical
capacitance Cgeo [see Eq. 4.6].
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Figure 4.3: (a) Simulated voltage transients for different applied device voltages Vdev,
and compared for the cases with [solid lines] and without [dashed lines] recombination.
(b) Voltage transient maxima, ∆Vmax, as obtained from the simulated voltage transients,
plotted as a function of laser pulse fluence. The red solid line is a guide to the eye with
a slope of 1. (c) Simulated device capacitance plotted as a function of applied voltage.
The capacitance is normalized to the geometrical device capacitance Cgeo [vertical black
line]. The case with [without] recombination is indicated by solid [dashed] lines. (d)
The extracted charge carrier density [nph, extr], normalized to the generated carrier density
[nph], as obtained from the simulated voltage transients, and plotted as a function of device
voltage Vdev. Filled [open] symbols correspond to the case with [without] recombination.
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Fig. 4.3d shows the extracted charge carrier density nph,extr, as obtained from the
simulations using Eq. 4.5, relative to the input photogenerated carrier density nph.
Indeed, nph,extr is closely given by nph when the device capacitance C(V ) [Fig. 4.3c]
is used in Eq. 4.5. In contrast, if C = Cgeo is assumed instead, a deviation between
nph,extr and nph is observed, which may be mistaken as an apparent field dependence of
EGE; hence, to correctly obtain nph, the voltage dependence of the device capacitance
must be accounted for. Is it worth noting that there is a small deviation taking place
between the cases with [fully filled symbols] and without [open symbols] recombination
in the active layer at large Vdev approaching the built-in voltage; this deviation can
be attributed to additional [pseudo-] first-order recombination taking place between
photogenerated charge carriers and dark background charge carriers [independent of
light intensity] near the electrodes.[152, 163] In principle, this additional loss may be
minimized by tuning the optical electric field [e.g., careful choice of the laser wavelength
or the introduction of optical spacer layer] such that the generation profile peaks in the
middle of the active layer and is minimal near the electrodes. It should be stressed that
in case of non-ideal contacts, surface recombination [i.e., the collection of minority car-
riers at the ’wrong’ electrode] may become prevalent, presenting an additional voltage
dependent first-order recombination channel.[164]
From the above presented theoretical and numerical analysis it can be concluded that
[photogenerated] charge carrier densities in thin-film solar cells can be measured sensi-
tively via LIITOF, when (i) higher-order recombination processes are not present, and
(ii) [voltage dependent] carrier back-injection and diffusion-mediated redistribution of
dark background charges in the photoactive layer of the DUT are accounted for. While
(i) can be addressed by recording LIITOF voltage transients at low pulse fluence and
avoiding too high ∆Vmax [∆Vmax should be as small as possible, preferably well below
10 mV], (ii) can be addressed by accurately measuring the voltage dependent device
capacitance in dark. In the following Section 4.5, these findings will be implemented
and used to probe the EGE on different thin-film organic and perovskite solar cell
devices. Details of the device fabrication are provided in Appendix A.
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4.5 Field dependence of external generation efficiency

Fig. 4.4a shows the dark capacitances of all three devices [i.e., neat PCDTBT,
PCDTBT:PC70BM (1:4), and triple cation perovskite] plotted as a function of device
voltage, Vdev. As shown, the PCDTBT:PC70BM (1:4) and perovskite thin-film solar
cell show changes in device capacitance when Vdev is approaching Vbi. Great care was
taken to avoid too high and bimolecular recombination-inducing laser pulse fluences
when recording the voltage transients at different Vdev. Fig. 4.4b shows the ∆Vmax at
short-circuit conditions, as obtained from the voltage transients, plotted as a function
of laser pulse fluence, and compared for all three thin-film solar cell devices. The red
solid line in Fig. 4.4b is a guide to the eye with a slope of 1 indicating the absence of
higher-order recombination processes. The relations between the applied circuit volt-
ages Vappl and the measured voltage drops Vdev across the three thin-film devices are
depicted in Fig. 4.4c. The LIITOF voltage transients are shown in Fig. 4.4d-f, from
which ∆Vmax were obtained at the corresponding voltage plateaus.
From the C-V curves and voltage transients, the EGEs were calculated, which are
determined based upon the photogenerated charge carrier density [nph] and the pulse
photon density [Nph] via EGE =

nph
Nph

, where Nph =
λF

hcAd
, λ is the laser pulse exci-

tation wavelength, h the Planck constant, and F denotes the pulse fluence [in the unit
of J ]. These LIITOF results were cross-correlated with those obtained from TDCF
conducted on the same devices. Fig. 4.5a compares the current density versus ap-
plied voltage [J-V ] curve [details to J-V measurements are provided in Box 3.1] of the
PCDTBT:PC70BM (1:4) solar cell [solid line] with the EGE obtained via LIITOF [red
symbols] and TDCF [orange symbols]. The EGE in PCDTBT:PC70BM (1:4) shows
a weak field dependence decreasing slightly at increasing forward bias voltages. Thus
the LIITOF EGE results are in excellent agreement with those obtained via TDCF. It
should be noted, however, that due to uncertainties in the device capacitance measured
at high voltages [i.e., when Vdev approached Vbi], the trustable Vdev regime in LIITOF
was limited to ∼ 0.47 V in forward bias direction. This was partly due to the rapid
increase of the capacitance with voltage [see Fig. 4.4a], where the value of C be-
coming more sensitive to small voltage fluctuations [∆Vmax], and partly due to strong
recombination and space charge effects affecting the measured capacitance at large bias.
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Figure 4.4: (a) Device capacitance in dark plotted as a function of voltage, and compared
for a PCDTBT:PC70BM (1:4), neat PCDTBT and perovskite thin-film solar cell. A video
bandwidth of 10 Hz and modulation frequencies of 1 kHz [PCDTBT:PC70BM (1:4), neat
PCDTBT] and 5 MHz [perovskite] was used. (b) Maximum change ∆Vmax, as obtained
from voltage transients, for all three solar cells plotted as a function of laser pulse fluence.
The excitation wavelength was set to λexc = 532 nm, and no bias voltage was applied on the
devices [short-circuit]. The red solid line is a guide to the eye with a slope of 1 indicating
the absence of higher-order photocurrent loss mechanisms. (c) Relation between applied
circuit voltages and the measured voltage drops across the three devices. (d) Voltage
transients of a PCDTBT:PC70BM (1:4) thin-film solar cell compared for different applied
bias voltages. (e) Repetition of panel (d), but plotted for a neat PCDTBT solar cell. (f)
Repetition of panel (d), but plotted for a perovskite thin-film solar cell.

The EGE in a thin-film perovskite solar cell [see Fig. 4.5b] was found again to be
field-independent. The LIITOF results [red symbols] showed good agreement with those
obtained via TDCF. Similar to the PCDTBT:PC70BM (1:4) device, the trustable Vdev
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4. LOW INTENSITY INTEGRAL TIME-OF-FLIGHT TECHNIQUE

window was, when probed by LIITOF, limited to ∼ 0.6 V in forward bias direction.
Finally, a system with electric field dependent EGE was investigated - to this end, a
neat PCDTBT thin-film device was used. It is well-established that single-component
organic solar cells exhibit weak and strongly field dependent charge generation.[46, 163]
Therefore, neat PCDTBT device was an appropriate model system to observe the field
dependence. It is worth noting that the capacitance of this device showed a weaker
voltage dependence [see Fig. 4.4a], allowing for the capacitance to be accurately
measured over the entire voltage range. Subsequently, as shown in Fig. 4.5c, the
field-dependent EGE results obtained via LIITOF [red symbols] and TDCF [orange
symbols] were in excellent agreement over the entire bias voltage regime.
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Figure 4.5: (a) Current density versus device voltage [J-V ] performance [solid line]
of a thin-film PCDTBT:PC70BM (1:4) solar cell measured under artificial 1 sun [AM
1.5G condition] illumination, and compared with the external generation efficiency [EGE]
obtained via TDCF [orange symbols] and LIITOF [red symbols]. (b) Repetition of panel
(a) but plotted for a thin-film perovskite solar cell. (c) Repetition of panel (a) but plotted
for a neat PCDTBT device.

In contrast to the PCDTBT:PC70BM (1:4) and perovskite thin-film device, the accu-
racy of the neat PCDTBT C-V measurement was not limited at large forward bias
voltages by carrier diffusion and back-injection from the electrodes into the photoac-
tive layer – this can mainly be attributed to the non-ohmic injection character of one
electrode of this device stack suppressing strong recombination and space charge effects
at large voltages. In this regard, it should be noted that the EGE is a property of the
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photoactive layer, hence a modification of the device stack aiming towards a precise
C-V measurement [or, suppression of diffusion of injected dark charges, recombination,
and the build-up of space charge] allows for accurate LIITOF measurements over the
entire voltage regime [i.e., even for Vdev ≥ Vbi].
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4.6 Conclusion

In this chapter, a transient measurement technique, that is, low intensity integral time-
of-flight, was described, which is based upon the sensitive measurement of photo-pulse
induced changes in voltage drop across the active layer, combined with capacitance
measurements. A simple series-circuit with large RC-time was used to generate volt-
age transients at low laser pulse fluence from which the maximum change in active layer
voltage drop could be determined. The theoretical framework of LIITOF was derived
and verified by DD simulations, and its applicability was demonstrated by probing the
field dependence of EGE in thin-film perovskite and organic solar cells. The results
were in good agreement with experimental results obtained via TDCF conducted on
the same devices.
Despite the limitations of LIITOF at high forward bias voltages due to uncertain-
ties in the accurate measurement of the device capacitance, LIITOF is operating at
very low pulse fluence [hence, avoiding any parasitic higher-order recombination] and
does not suffer from RC-time limitations. Subsequently, LIITOF allows with its much
simpler circuit to measure small charge carrier densities sensitively, and can be used
complementary to the rather complex TDCF to probe the field dependence of charge
generation in thin-film solar cells.
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Chapter 5

Light intensity dependence of
photocurrent

The competition between recombination and extraction of carriers defines the charge
collection efficiency and thereby the overall performance of photovoltaic devices. This
competition is particularly important in light-harvesting devices made from disordered
and/or low permittivity materials such as organic semiconductors. Time resolved elec-
trical and optical techniques are often employed to investigate different loss mechanisms
in such systems. In this chapter, the steady-state light intensity dependence of the pho-
tocurrent [so-called IPC] and charge collection efficiency under operational conditions
is clarified, and shown how different loss mechanisms can be identified based upon their
unique signatures. In particular, it is shown how IPC can be used to distinguish first-
order, trap-assisted recombination from other first-order photocurrent loss mechanisms.
The theoretical framework is advanced and verified by a one-dimensional drift-diffusion
device model which further enhances the analysis. Finally, the extended IPC analysis
is demonstrated on organic thin-film solar cell devices. Thus, the relatively straight-
forward measurement of light intensity dependent photocurrent over a large dynamic
range can be a powerful tool for understanding photovoltaic device fundamentals and
optimising performance.
This chapter is written based upon a collaborative work by the author submitted to
the journal Physical Review Applied in 2020.
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5.1 Photocurrent generation and collection efficiency

The performance of organic solar cells is ultimately dictated by the competition be-
tween the recombination and extraction of photo-generated charge carriers.[165] As
described in detail in Chapter 1, Section 1.5, the working principle of excitonic,
bulk-heterojunction [BHJ] devices involves the formation of singlet excitons in either
the electron donor [D: p-type] or acceptor [A: n-type], a D-A interfacial charge transfer
[CT] state, and a charge separated state after CT dissociation into free and mobile
charge carriers.[27, 46, 166] Given that not only excitons and CT states can recombine
back to the ground state [GS], but also free charge carriers may encounter each other
and recombine via non-geminate recombination, it becomes clear that recombination is
the main loss channel limiting the charge collection efficiency [ηcol] in BHJ solar cells,
ultimately limiting the short-circuit current density [Jsc] and the power conversion ef-
ficiency [PCE] as well.[166], [167]
The charge collection efficiency describes the probability for charge carriers, once gen-
erated in the active layer, to be extracted at the contacts and avoid recombination. For
a constant carrier recombination lifetime τ , the charge collection efficiency generally
takes the form

ηcol =
τ

ttr
×

[
1− exp

{
− ttr

τ

}]
, (5.1)

in accordance with the Hecht equation,[167] where ttr denotes the drift-transport time
of charge carriers. Under these conditions, the recombination kinetics are first-order
and the short-circuit current is expected to vary linearly with light intensity IL; thus
following a Jsc ∝ IαL dependence with α = 1. Here the parameter α is introduced
defining the slope of Jsc versus IL in a log-log plot with α = dlog(Jsc)/dlog(IL).
This type of first-order kinetics is commonly associated with trap-assisted recombina-
tion of charge carriers taking place via deep trap states in the gap, with the associated
recombination rate scaling linearly with the carrier density [see Chapter 1, Section
1.8.2]. In organic solar cells composed of low mobility semiconductors, however, at
operational light intensities the carrier diffusion length is often of similar order to the
Coulomb capture radius, resulting in non-geminate, bimolecular recombination [see
Chapter 1, Section 1.8.1] dominating.
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5.1.1 Techniques to probe the photocurrent loss mechanisms

The fact that different recombination mechanisms scale differently with the generation
rate and carrier density has been utilized to understand recombination processes in
solar cells by using light intensity dependent open-circuit voltage [Voc] and photocur-
rent [IPC] measurements as well as transient photovoltage [TPC] and charge extraction
[CE] techniques.
In TPV, the recombination dynamics are probed by measuring the excess charge carrier
lifetime by maintaining the device under steady-state illumination at open-circuit and
applying a short light pulse.[167] In CE, on the other hand, the current transient is mea-
sured after the device is switched from open-circuit [under steady-state illumination] to
short-circuit [with no illumination].[167] By varying the steady-state illumination and
open-circuit voltage, TPV and CE allow for the determination of the recombination
rate constant and its kinetics. However, it has been recently shown that both tech-
niques suffer from parasitic, capacitive effects limiting the trustworthy measurement
range.[162, 168] In particular, at low light intensities, corresponding to low open-circuit
voltages, device capacitive effects, RC-time constants and non-uniform charge carrier
distributions can lead to a misjudgement of the recombination order.
Light intensity dependent Voc measurements, on the other hand, rely on the determina-
tion of the [light] ideality factor nid of the solar cell used to estimate the predominant
recombination process. Here, [light] ideality factors of nid = 1 [bimolecular free-carrier
recombination], nid = 2 [expected for first-order trap-assisted recombination via mid-
gap states] or 1 < nid < 2 [often attributed to trap-assisted recombination via exponen-
tial tail states] are usually observed.[47, 48, 169] However, these measurements are very
sensitive to parasitic leakage currents at low light intensities and surface recombina-
tion of charge carries at the electrodes at high light intensities, which can considerably
narrow the applicable intensity range at which nid is determined.[47, 81] This is quite
often not appreciated.
Intensity dependent photocurrent [IPC] measurements offer the possibility to investi-
gate the photocurrent losses as a function of the incident light intensity under different
operational conditions and to identify loss mechanisms [e.g., bimolecular recombina-
tion], which become dominant at particular light intensities.[129, 154, 170–172] The
IPC for organic solar cells has been also extensively used to study the role of charge
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carrier mobility[173], recombination rate constant[129] and space charge effects[154].
However, since incomplete dissociation of excitons and CT states is also first-order, it
has been difficult to distinguish first-order, trap-assisted recombination from the former
based upon IPC measurements. Additionally, it has also been shown that non-geminate
recombination between photo-generated and equilibrium majority charge carriers near
the contacts exhibits pseudo-first order dynamics[152].
Given this background, it is evident that methods to reliably quantify and distin-
guish different recombination mechanisms, especially those that are of first-order, are
currently lacking. In this chapter, the influence of different first-and-higher order pho-
tocurrent loss mechanisms on the device photocurrent and charge collection efficiency is
clarified and supported by drift-diffusion simulations. In particular, it is demonstrated
how IPC, when performed sensitively over a broad range of light intensities, can be
used to unambiguously differentiate between first-order trap-assisted recombination
from other first-order losses. This sets IPC apart from other techniques commonly
used to study recombination losses in organic solar cells and opens a new window to
investigate the absolute photocurrent loss induced by first-order, trap-assisted recom-
bination. The presented results are very general and also apply to other photovoltaic
systems including indoor photovoltaic applications, concentrator solar cells and pho-
todetectors.
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5.1.2 Basic considerations for charge collection efficiency

The photocurrent [density] at a given excitation wavelength λ and light intensity IL is
directly related to the photovoltaic external quantum efficiency [EQE]. At short-circuit,
Jph = Jsc, the corresponding EQE is thus

EQE =
hc

λq
× Jsc

IL
, (5.2)

where h is the Planck constant, c the speed of light in vacuum, and q the elemen-
tary charge. Accordingly, for a linear photocurrent [density] versus light intensity, the
corresponding EQE is expected to be constant. When higher-order photocurrent loss
mechanisms are present, however, the charge collection efficiency ηcol becomes depen-
dent on the carrier generation rate, which is reflected by a light intensity dependence
of the EQE; in general, this may be expressed as

EQE ∝ ηcol ∝ ISL , (5.3)

where the parameter S = dlog(EQE)/dlog(IL) = α− 1 is introduced defining the slope
of EQE versus IL in a log-log plot.
To clarify the effect of recombination on the intensity dependence of the charge collec-
tion efficiency, a one-dimensional drift-diffusion model has been used,[80, 81] treating
the BHJ active layer as an effective semiconductor [although in reality it is a molecu-
lar blend of electron acceptor and donor]. For a given [average] generation rate G of
free [separated] charge carriers, the device model calculates the total current density
based on the prevailing charge transport properties, space charge effects and recom-
bination within the effective semiconductor layer. The charge collection efficiency at
short-circuit is defined as

ηcol =
| Jsc |
qGd

, (5.4)

where d is the thickness of the active layer, and G the photo-generation rate. For the
simulations, a device having an active layer thickness of 100 nm, with a permittivity
of ε = 3.5 and an electrical energy level gap of 1.3 eV, is assumed. Furthermore, the
contacts are selective for the extraction of majority carriers, having injection barriers
of 0.1 eV. The carrier photo-generation rate, assumed to be uniform throughout the
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active layer, depends linearly on the incident light intensity, i.e., G ∝ IL. A light
intensity of 1 sun is assumed to correspond to a photo-generation rate G = 1.1× 1022

cm−3s−1. Unless otherwise stated, the active layer is assumed trap-free with balanced
charge carrier mobilities µn = µp, where µn [µp] is the electron [hole] mobility.

5.2 Negligible recombination under ideal conditions

Under ideal conditions when the recombination of photo-generated charge carriers is
negligible, the magnitude of the photocurrent density at an applied device voltage of
V = 0 V [short-circuit] is given by | Jph |= qGd. In this case the photocurrent is
linear with respect to the light intensity [i.e., Jph ∝ Gα with α = 1]. Under these ideal
conditions, the charge collection efficiency is 100 % and only first-order losses related
to absorption and the charge carrier generation efficiency [geminate recombination of
excitons or interfacial charge transfer states] are present. In real devices, however,
there are always charge collection losses induced by recombination. In general, these
losses can be the result of poor charge transport, increased recombination rates and
accumulation of carrier densities inside the active layer, external resistive effects limiting
the device current, or the presence of regions with low electric field caused by the build-
up of space charge.
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5.3 Bimolecular recombination and its impact on pho-
tocurrent

Here, the case with balanced charge transport with different degrees of second-order
recombination in the active layer is considered. Fig. 5.1a shows the simulated [solid
and dashed line] photocurrent density as a function of light intensity, for different re-
combination constants β = ζβL. Here, ζ is the bimolecular recombination reduction
factor relative to the Langevin rate βL = q (µn + µp)/(εε0) [ε0 is the vacuum permit-
tivity] [see Chapter 1, Section 1.8.1]. The corresponding charge collection efficiency
versus intensity is depicted in Fig. 5.1b. The dashed black lines in Fig. 5.1a,b,
representing the ideal, trap-free case, are guides to the eye with slope parameters of
α = 1 and S = 0, respectively. As shown in Fig. 5.1a [Fig. 5.1b] when bimolecu-
lar recombination starts to dominate over charge extraction the photocurrent density
[charge collection efficiency] versus intensity starts to deviate from linearity following
a power of 1/2 [-1/2] dependence. The onset point of the deviation depends on the
bimolecular reduction factor and shifts to higher intensity with decreasing ζ.
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Figure 5.1: (a) Simulated short-circuit current density [Jsc] plotted as a function of
light intensity [IL], and compared for different bimolecular recombination reduction factors
between ζ = 0.001 and ζ = 1. The black dashed line represents the case for ideal, loss-
free charge extraction. (b) Repetition of panel (a), but instead the charge collection
efficiency [ηcol] is plotted against the light intensity. The analytical expressions of Eq. 5.6
[coloured dotted lines] have been included assuming balanced mobilities of µn = µp = 10−4

cm2V−1s−1.

At high enough photo-generation rates, when the bimolecular recombination dominates
over the charge extraction, the photocurrent becomes transport-limited.[139] Under
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5. LIGHT INTENSITY DEPENDENCE OF PHOTOCURRENT

these conditions, assuming a constant driving force (dEF,n)⁄dx=(dEF,p)⁄dx ≈ −qVoc/d

for charge carriers [EF,n (EF,p) is the quasi-Fermi level for electrons (holes)], the upper
limit for the short-circuit current set by second-order recombination is obtained from

Jph = 2q
√
µnµp ×

√
G

β
× [V − Voc]

d
. (5.5)

The associated charge collection efficiency at short-circuit in this limit is given by

ηcol =
Leff
d

=
2τβVoc

√
µnµp

d2
, (5.6)

which depends on the carrier generation rate via the effective bimolecular recombina-
tion lifetime τβ = 1/

√
βG. As shown in Fig. 5.1b, the simulations [solid lines] are

in good agreement with the analytical limit at high photo-generation rates [coloured
dotted lines], when bimolecular recombination dominates Leff/d ≪ 1. Therefore, in
accordance with Eq. 5.6, a Jsc ∝ Gα [ηcol ∝ GS ] with α = 1/2 [S = −1/2] at high
light intensities is expected.
At low light intensities when Leff/d ≫ 1, in turn, second-order recombination is negli-
gible, and it is expected that Jsc ∝ G. Under these conditions the collection efficiency
is constant and close to unity, as most of the photo-generated carriers are extracted.
It should be noted that the small deviations from ηcol = 1 at low intensities are caused
by recombination between injected background carriers near the contacts and photo-
generated carriers, manifest as pseudo-first order losses.[152] Another source of first-
order recombination loss is surface recombination, i.e., the extraction of the wrong
carrier type, at the contacts.[164] These first-order losses are generally small at short-
circuit but may become important for thin active layers and at high injection/voltage
levels. The parameter Leff/d determines the onset of the transition from the linear
[α = 1] to the nonlinear [α = 1/2] photocurrent versus intensity regime where second-
order recombination dominates. The associated onset generation rate, corresponding to

Leff/d ≈ 1, can be approximated as G∗ =
4εε0V

2
oc

qd4
× µnµp

| µn + µp | ζ
in terms of β = ζβL.

Hence, the onset of second-order recombination predominantly depends on the ratio
between the slower carrier mobility µs and the [Langevin] reduction factor ζ.[129]
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5.4 The effect of an external series resistance

At high incident light intensities, the series resistance of the external circuit will even-
tually limit the photocurrent that can be extracted. For an externally applied voltage
V , the actual applied voltage drop across the device is given by Vdev = V −JRS, where
JRS represents the parasitic voltage drop across the rest of the circuit [i.e., electrodes,
external wires, etc.] having a total series resistance of RS in units of Ωcm2. Subse-
quently, for Vext = 0, the voltage drop across the device is given by Vdev = −JscRS.
Therefore, at very high intensities [i.e., large currents], a significant voltage drop across
the device, is expected.
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Figure 5.2: (a) Simulated short-circuit current density [Jsc] plotted as a function of light
intensity, [IL], and compared for different series resistances RS. At high light intensity Jsc
tails off to the limit of Voc/RS set by the series resistance RS. (b) Repetition of panel (a),
but charge collection efficiency [ηcol]plotted against light intensity. Coloured dashed lines
correspond to the limit set by the series resistance [see Eq. 5.7], while the thin, black solid
line is a guide to the eye with a slope of S = −1 corresponding to theory explained above.

However, in the absence of an external applied voltage [at short-circuit], the maximum
voltage drop across a device under illumination is Vdev = Voc. Hence, the upper limit
of the magnitude of the short-circuit current density as set by the series resistance is
given by

| Jsc |→
Voc
RS

. (5.7)

Ideally, the open-circuit voltage scales with the light intensity as qVoc ≈ nidkBT ln(IL).

103



5. LIGHT INTENSITY DEPENDENCE OF PHOTOCURRENT

However, in reality Voc often saturates at high intensity. Ultimately, the short-circuit
current tails off at such conditions [i.e., α → 0], with ηcol approaching an inverse light
intensity dependence, manifest by a slope parameter of S = −1. This situation is
depicted in Fig. 5.2a [5.2b], where the light intensity dependent Jsc [ηcol] is simulated
for different series resistances varying between RS = 0 Ωcm2 and RS = 100 Ωcm2.
The coloured dotted lines in Fig. 5.2b representing the theoretical limits estimated in
accordance with Eq. 5.7 are in good agreement with the simulations.
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5.5 The influence of space-charge effects

The above considerations assume nearly balanced electron and hole transport, neglect-
ing space charge effects. However, in a wide variety of organic solar cells imbalanced
mobilities have been reported.[131] As pointed out by Goodman and Rose, the pho-
tocurrent of a device under imbalanced mobility conditions is highly space-charge lim-
ited upon illumination at high light intensities due to the build-up of the carriers with
the lower mobility, subsequently redistributing the internal electric field.[174] This is
even more pronounced in systems with strongly suppressed recombination and imbal-
anced mobilities which can build up a large asymmetric charge density.[154]
In general, when a significant amount of space charge is present in the active layer, e.g.
caused by either doping or imbalanced mobilities, a considerable electric field redistri-
bution will take place. This results in the formation of a space charge region, where the
electric field is concentrated, and an electric field-free neutral region. In low-mobility
systems, such as organic semiconductor-based light harvesting devices, exhibiting short
diffusion lengths, the charge collection will only be efficient within the space charge
region. For the case with mobility-induced space charge effects, the photocurrent can
be approximated by[175]

Jph ≈ −qG [wsc + Ls] , (5.8)

where wsc =
√

2εε0 (V0 − V ) / (qNsc) and Ls =
√
µskBTτβ/q. Here, Nsc is the asso-

ciated charge density [in the space-charge region] which for imbalanced mobilities is
given by Nsc ≈

√
εε0G/ (qµs), while V0 is the built-in potential across the space charge

region. When the charge collection from the remainder of the active layer is assumed
to be negligible, the short-circuit current simplifies to

Jph ≈ −qG3/4

[
4µsεε0

q

]1/4√
V0 − V . (5.9)

Subsequently, the photocurrent is expected to have an α = 3/4 power dependence
on the photo-generation rate G.[176] According to Eq. 5.4, this power dependence
translates into a S = −1/4 power dependence when plotting the corresponding charge
collection efficiency against the photo-generation rate.
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Figure 5.3: (a) Simulated short-circuit current density [Jsc] plotted as a function of
light intensity [IL], and compared for different imbalanced mobility ratios. When the
photocurrent density is limited by space charge effects, a slope parameter of α = 3/4 is
expected in accordance with above theory. (b) Charge collection efficiency (ηcol) plotted
as a function of light intensity and simulated for the cases as presented in panel (a). For
comparison, the analytically predicted charge collection efficiencies based on Eq. 5.9 have
been included assuming β = 0.1βL.

Fig. 5.3a,b show the simulated short-circuit current density and the corresponding
charge collection efficiency plotted as a function of light intensity, and compared for
different degrees of imbalanced mobility ratios between µp/µn = 1 and µp/µn = 10−3.
Thin, black and solid lines are used as guides to the eye with a slope of α = 3/4,
respectively S = −1/4. As shown in Fig. 5.3a,b, the onset point of deviation from
the ideal, trap free case strongly depends on the degree of imbalanced mobility and
shifts to lower intensity the more imbalanced the charge carriers. Dotted lines in Fig.
5.3b are estimated in accordance with the analytical expression in Eq. 5.9 for the
corresponding mobility ratios assuming β = 0.1βL in all cases.

106



5.6 Recombination in the presence of trap states

5.6 Recombination in the presence of trap states

As previously described in Chapter 1, Section 1.8.2, when a significant amount of
trap states are present in the bulk of the D-A blend, the recombination of charge carri-
ers may also occur indirectly via those sub-gap states following first-order, trap-assisted
Shockley-Read-Hall recombination [see Eq. 1.22]. Fig. 5.4a,b [c,d] shows the simu-
lated short-circuit current density [charge collection efficiency] plotted as a function of
light intensity for the case of acceptor-type [electron] trap states at varying trap depths
[see Fig. 5.4a,c] and trap densities [see Fig. 5.4b,d]. At low light intensities, when
n ≪ n1, or equivalently EF,n < Et, the traps behave as shallow traps [see Chapter 1,
Section 1.8.2]. Under these conditions, corresponding to low carrier densities and/or
shallow trap depth, RSRH becomes effectively bimolecular, RSRH ∝ np. With the ex-
ception of the regions close to the contacts [where the back-injected carrier densities are
high], the trap-assisted recombination within the active layer is expected to be weak in
this intensity regime with the photocurrent being close to charge-carrier-recombination-
free, in analogy to the case in Section 5.3. The photocurrent thus follows a linear
intensity dependence Jsc ∝ Gα [with α = 1] manifested as a constant ηcol plateau. Note
that if the traps are very close to the middle of the gap, this regime will be accessible
only at extremely low light intensity and long time scales where it may be impractical
to measure the photocurrent at low enough frequencies relevant to the long release time
of deep traps.
At moderate intensities, in turn, when the carrier density in the active layer is even-
tually increased to such an extent that n ≫ n1 and EF,n > Et, as such, the majority
of the traps will be occupied by electrons. Under these conditions, the traps start to
instead behave as deep traps and the trap-assisted recombination in the bulk is no
longer negligible, becoming first-order RSRH ∼ n. This will ultimately result in a sec-
ond, down-shifted, linear photocurrent regime appearing as a second plateau in the
EQE with a lower magnitude [compared to the first one] at moderate intensities. Sub-
sequently, two different photocurrent [charge collection efficiency] regimes [plateaus]
are expected under conditions when trap-assisted SRH recombination is the dominant
photocurrent loss mechanism, with n = n1 marking the point-of-transition [POT] be-
tween these two intensity regimes, as seen in Fig. 5.4. This unique feature allows for
trap-assisted SRH recombination to be distinguished from other first-order losses.
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Note that exponential tail states would, in turn, induce a higher-order recombination
channel with α < 1 [177, 178], hence leading to an EQE with S < 0 at moderate light
intensity [see Fig. B.6 in Appendix B].
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Figure 5.4: Simulated short-circuit current density [Jsc] [top row] and corresponding
charge collection efficiency [ηcol] [bottom row] in the presence of trap states in the D-A
bulk for [a, c] trap depth ∆t varying between 0.2 eV and 0.65 eV for a constant trap density
of Nt = 1017 cm−3 and [b, d] trap density Nt varying between 1016 cm−3 and 1018 cm−3

for a constant trap depth of ∆t = 0.4 eV. Capture coefficients of βn = βp = 2 × 10−11

cm3s−1 were assumed in both cases.

In the moderate intensity regime, where first-order trap-assisted recombination domi-
nates [n ≫ n1], the recombination rate may be described by a constant lifetime � for
charge carriers. In accordance with the Hecht equation, thus a charge collection effi-
ciency of the form given by Eq. 5.1 is expected. However, this equation is unable to
reproduce the simulated ηcol values [at moderate intensities] in Fig. 5.4. This discrep-
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5.6 Recombination in the presence of trap states

ancy can be traced back to the fact that the Hecht equation does not account for space
charge effects. In the trap-filling limit, the occupied electron traps will behave as fixed
negative charges. In analogy to Section 5.5 and the case with p-type doping [where
the fixed negative charges are ionized dopants][179], the electric field inside the active
layer will be redistributed, mainly concentrated to a space charge region of trapped
electrons [adjacent to the cathode]. Outside the space charge region, the active layer is
charge-neutral [the trapped electrons are neutralized by injected/generated free holes]
with the electric field being close to zero.
Under these conditions, the charge collection of photo-generated carriers is expected to
be space-charge-limited with a photocurrent density of the form[179]:

Jph ≈ −qG [wsc + Ln] (5.10)

with

wsc =

√
2εε0[Vbi − V ]

qNsc
(5.11)

and

Ln =

√
µnτkBT

q
(5.12)

being the space charge region thickness and electron diffusion length in the charge-
neutral region, respectively, where Nsc is the space charge density [of trapped electrons]
in the space charge region, Vbi is the associated built-in potential, and 1/τ = βnNt.
Assuming traps to be, on average, half-filled within the space charge region, the space
charge density in this region may be approximated by Nsc ≈ Nt/2. Accordingly, the
collection efficiency at short-circuit can be expressed as

ηcol ≈

√
εε0kBT

q2d2Nt

[
2

√
qVbi
kT

+
√
ζn

]
(5.13)

with ζn = βn × [qµn/(εε0)]
−1 being a recombination pre-factor of a corresponding

Langevin recombination coefficient based on the electron mobility.

109



5. LIGHT INTENSITY DEPENDENCE OF PHOTOCURRENT

5.6.1 Trap depth estimation via point-of-transition approach
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Figure 5.5: (a) Jsc, (b)
normalized EQE and (c)
∆t [estimated via the point-
of-transition approach] of
PM6:BTP-eC9 solar cell
(d = 100 nm, Vbias = 0 V,
λexc = 520 nm); the red
vertical line marks the point-of-
transition light intensity.

The trap depth can be estimated from the point-of-
transition [POT] between the low intensity regime,
where first-order SRH recombination in the bulk is
negligible, and the moderate intensity regime where
first-order SRH recombination dominates [trap-filling
limit]. Here, a device with an active layer containing
electron traps [acceptor-type] is considered [the case
with hole traps is analogous]. At low intensities [when
recombination and space charge effects are negligible],
the associated average electron density nlow is related
to the total short-circuit current Jsc via

Jsc = 2qnlowµnF =
2qnlowd

ttr
, (5.14)

where ttr is the electron transit time [µn is the electron
mobility and F the electric field]. At these intensities,
it is also expect that Jsc ≈ JG, where Jsc is the pho-
togeneration current. POT occurs when nlow ≈ n1

[see Section 5.6]; making use of the definition of n1

[see Chapter 1, Section 1.8.2], it then follows that

∆t = kBT ln
(

2qNL,Ad

JG, POTttr

)
(5.15)

allowing for the trap depth ∆t to be determined. In
Fig. 5.5, the POT approach to determine the trap
depth is demonstrated on a PM6:BTP-eC9 solar cell.
Fig. 5.5a,b,c show the short-circuit current density,
normalized external quantum efficiency [EQE], and calculated trap depth plotted as a
function of light intensity. A two-step EQE behaviour in the low and moderate intensity
regime is observed, from which the POT light intensity [Fig. 5.5; vertical red line]
is defined. The normalized EQE was calculated from the raw IPC data in accordance
with Eq. 5.2 and a trap depth of ∆t = 0.41 eV was determined, respectively.
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5.6 Recombination in the presence of trap states

5.6.2 Trap depth estimation via quasi-Fermi level splitting approach

The energy of the trap states, located within the donor-acceptor bandgap Eg [with
Eg =| EH,D −EL,A |, where EH,D denotes the HOMO energy level of the organic donor
and EL,A denotes the LUMO energy level of the organic acceptor], can be determined
if the point-of-transition [POT] is known. Assuming a symmetric quasi-Fermi level
splitting EQFLS at the POT [i.e., EQFLS =| EF,n − EF,p | around the mid-gap of the
organic D-A BHJ], the trap depth [relative to the HOMO energy level of the donor,
respectively LUMO energy level of the acceptor] can be estimated from

∆t,QFLS =
Eg − EQFLS

2
=

| EH,D − EL,A |
2

− qVoc
2

. (5.16)
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Figure 5.6: Normalized EQE [left axis] and
Voc [right axis] of a PM6:BTP-eC9 solar cell
[see Appendix A for device fabrication de-
tails] plotted as a function of intensity. The
solid [dashed] vertical black line marks the
point-of-transition intensity between the two
EQE plateaus [shunt-dominated Voc-regime]. A
quasi-Fermi level splitting [trap depth] was es-
timated to 0.57 eV [∆t,QFLS = 0.41 eV] from
the would-be shunt-free Voc corresponding to an
light ideality factor of nid = 2 [green line].

Provided that surface recombination is
negligible, the Voc of an organic solar
cell gives a direct estimate of the quasi-
Fermi level splitting EQFLS = qVoc in
the bulk. However, at low light in-
tensities, the Voc [and subsequently the
determination of EQFLS] becomes lim-
ited by the shunt resistance of the de-
vice. In such cases an extrapolation of
the Voc from high to low intensity may
be used to estimate a would-be shunt-
free Voc at lower light intensities in or-
der to obtain EQFLS. The quasi-Fermi-
level approach to estimate ∆t,QFLS is
demonstrated on a PCDTBT:PC70BM
solar cell [see Fig. 5.6]. Here, red
[blue] symbols correspond to the ex-
perimentally obtained Voc [normalized
EQE] data; the vertical black dotted

[solid] line marks the shunt-dominated Voc-regime [POT intensity]. The green solid
line is a guide to the eye corresponding to an ideality factor of nid = 2 from which the
’would-be’, shunt-free Voc was estimated [see horizontal black line in Fig. 5.6].
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5.6.3 Trap density estimation via space-charge approach

To obtain an order of magnitude estimate of the trap density Nt, in turn, the mod-
erate intensity regime is considered. In this regime, the occupied traps will behave
as fixed negative charges. In analogy to the case with p-type doping [where the fixed
negative charges are ionized dopants][179], the electric field F inside the active layer
will be mainly concentrated to a space charge region of trapped electrons [adjacent
to the cathode], while the remaining active layer is neutral [the trapped electrons are
neutralized by injected/generated free holes] with F ≈ 0. Then, assuming that the
charge extraction of photo-generated carriers is predominantly taking place from the
space charge region, the charge collection efficiency under short-circuit conditions is
expected to take the approximate form[179]:

ηcol ∼
wsc
d

, (5.17)

where

wsc =

√
2εε0Vbi
qNsc

(5.18)

is the space charge region thickness and d is the active layer thickness. Here, Nsc is the
space charge density [of trapped electrons] within the space charge region, while Vbi is
the associated built-in potential. Assuming Nsc ≈ Nt, and noting that ηcol ≈ EQEnorm,
the following expression for estimating the trap density is obtained:

Nt =
2εε0Vbi
qd2

×
[

1

EQEnorm

]2
, (5.19)

where EQEnorm is the EQE of the second EQE plateau at moderate irradiance normal-
ized to the EQE plateau at low irradiance with higher magnitude.
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5.7 Simplified analysis for general recombination order

In the previous Sections 5.2 - 5.6 the interplay between first and second-order
recombination kinetics has mainly considered. However, these considerations may
also be qualitatively extended to the case with a general recombination order σ for
photo-generated charge carriers. The corresponding recombination rate is of the form
R = Bnσ, with the associated recombination coefficient given by B. In this case,
assuming space charge effects to be negligible, the steady-state charge extraction of
carriers at short-circuit can, in approximate terms, be described by

dn

dt
= G− n

ttr
−Bnσ = 0, (5.20)

where ttr is the extraction time. In this simplified analysis, the short-circuit current is
given by Jsc = −qd

n

ttr
. It then follows that at small intensities [small n], the extraction

term dominates [all carriers are extracted] such that Jsc = −qGd, as expected. At
high intensities, when the recombination term dominates, in turn, n ≈ (G/B)1/σ is
obtained, and thus Jsc ∝ G1/σ, corresponding to slopes of α = 1/σ and S = (1− σ)/σ.
Hence, under conditions when third-order recombination kinetics [σ = 3], expected in
conjunction with Auger recombination, dominates, a slope of α = 1/3 and S = −2/3

would be observed.
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5.8 Sensitive IPC of thin-film, organic solar cells

To validate the theoretical framework, experimental IPC measurements on organic so-
lar cells were conducted. The IPC measurements were performed at an excitation
wavelength of 520 nm and no bias voltage [short-circuit] was applied to the devices.
Further experimental details of the IPC measurements are provided in Box 5.1. From
the raw IPC data the corresponding EQE versus light intensity were calculated accord-
ing to Eq. 5.2 with the charge collection efficiency being reflected by the EQE via
Eq. 5.4. A 110 nm thick PM6:ITIC and PBDB:T:EH-IDTBR system were selected
as model systems to demonstrate the different IPC regimes discussed above; details to
device fabrication are provided in Appendix A and light J-V characterization can be
found in Fig. 6.3 in Chapter 6. The PBDB-T:EH-IDTBR was specifically selected
to demonstrate a device with imbalanced mobilities. In accordance with above expla-
nations different photocurrent loss mechanisms can be identified and will be briefly
discussed in the following.
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Figure 5.7: (a) Experimentally obtained short-circuit current density [Jsc] and (b) nor-
malized external quantum efficiency [EQE] of a PM6:ITIC solar cell measured sensitively
over a broad range of intensity. The red solid lines in (a) and (b) represent the limit set
by a bimolecular recombination in accordance with Eq. 5.5 assuming µn = 3 × 10−4

cm2V−1s−1 and µp = 3 × 10−5 cm2V−1s−1, d = 110 nm, β = 1.5 × 10−11 cm3s−1 and
ε = 3.5. Black solid lines are used as guides to the eye with a slope corresponding to the
predominant photocurrent loss mechanism and the theory explained above [see Section
5.2 - 5.6].
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5.8 Sensitive IPC of thin-film, organic solar cells

Experimental details of steady-state light intensity dependent photocurrent
(IPC) measurements

Box 5.1

A commercial laser with variable output power was used as a light source and
modulated at a low frequency [< 0.1 Hz] using a Function Generator [Keysight
Technology, 33500B Series]. The light perturbation allowed for precise and noise-
reduced measurements of the external photocurrent. Here, the choice of mod-
ulation frequency f was limited by both the technical aspects of the intensity
dependent photocurrent [IPC] setup itself, and the physical processes govern-
ing the device under test [DUT] [e.g., charge carrier transport, (de-) trapping
time and RC-time of the circuit]. A motorized two-wheel attenuator [Standa,
10MCWA168-1], containing different optical density [OD] filters, was used to
additionally vary the input light intensity. The combination of both variable
laser output power and two-wheel attenuator together with a low frequency
photocurrent modulation allowed for sensitive measurements of the photocur-
rent over multiple orders of magnitude light intensity. In order to avoid partial
illumination of the active area of the DUT and thus, the formation of recombi-
nation centers due to the local accumulation of photogenerated charge carries,
the laser light profile was homogenized by fiber-coupling the excitation light into
an integrating sphere [Thorlabs, IS236A-4] prior illumination of the DUT ac-
tive layer. Mounted on the integrating sphere, a Silicon photodiode [Thorlabs,
SM05PD1A] was used for light power calibration and in situ intensity tracking.
Two Keithley source-measure units [Keithley 2450] were used to simultaneously
read the DUT photocurrent [density] and the Silicon photodiode current, while
different bias voltages can be applied on the DUT. For the initial calibration pro-
cess, an additional NIST1-calibrated Silicon photodiode power sensor [Thorlabs,
S121C] was used.

Fig. 5.7 a,b and Fig. 5.8a,b show the short-circuit current density and the normal-
ized EQE, respectively, of the PM6:ITIC and PBDB-T:EH-IDTBR solar cell measured
sensitively over a broad range of light intensities. At low incident light intensities [i.e.
up to G ≈ 1018 cm−3s−1], both the PM6:ITIC and PBDB-T:EH-IDTBR solar cells ex-
hibit a linear photocurrent regime with a slope of α = 1 [see black solid line in Fig. 5.7a
and Fig. 5.8a] which directly translates into a constant EQE plateau [see Fig. 5.7b
and Fig. 5.8b]. The EQEs were normalized suggesting that approximately 25 % [35 %]
of the PM6:ITIC [PBDB-T:EH-IDTBR] EQEs are lost due to inefficient photon absorp-

1National Institute of Standards and Technology
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5. LIGHT INTENSITY DEPENDENCE OF PHOTOCURRENT

tion and charge generation. At moderate intensities [i.e., 1018 < G < 1021 cm−3s−1],
a slightly down-shifted, second photocurrent regime [equivalent EQE plateau], can be
observed in both devices indicating the presence of trap states in the D-A active layer
bulks. We note that the observed two-step EQE behaviour does not rule out the pres-
ence of exponential tail states, but instead, indicates SRH recombination via deep trap
states to be the dominant photocurrent loss channel at the given light intensity regime.
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Figure 5.8: (a) Experimentally obtained short-circuit current density [Jsc] and (b) nor-
malized external quantum efficiency [EQE] of a PBDB-T:EH-IDTBR solar cell measured
sensitively over a broad range of intensity. The red solid lines in (a) and (b) mark the
space-charge-limited photocurrent limit determined in accordance with Eq. 5.9 assuming
µp = 8.1× 10−7 cm2V−1s−1, d = 110 nm and ε = 3.5. Black solid lines are used as guides
to the eye with a slope corresponding to the predominant photocurrent loss mechanism
and the theory explained above [see Section 5.2 - 5.6].

At intensities above 1 sun [∼ 5 × 1021 cm−3s−1], bimolecular recombination in the
PM6:ITIC device starts to dominate over charge extraction leading to a photocurrent
[EQE] versus generation rate power dependence of α = 1/2 [S = −1/2], in accordance
with Eq. 5.5. The corresponding limits set by bimolecular recombination based on Eq.
5.5 is indicated by the red solid lines in Fig. 5.7a and Fig. 5.7b for the short-circuit
current density and normalized EQE. As shown, the estimated limits are in agreement
with the experimental data assuming an electron and hole mobility of µn = 3 × 10−4

cm2V−1s−1 and µp = 3 × 10−5 cm2V−1s−1 as well as a dielectric constant of ε = 3.5

and a bimolecular recombination coefficient of β = 1.5× 10−11 cm3s−1.
The PBDB-T:EH-IDTBR device, in turn, suffers at moderate and high intensities [i.e.,
10−3 < IL < 1 Wcm−2] from photocurrent losses due to imbalanced carrier mobilities
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5.8 Sensitive IPC of thin-film, organic solar cells

and the build-up of space charge. The red solid lines in Fig. 5.8a and Fig. 5.8b
mark the limit set by the imbalanced mobilities estimated in accordance with Eq.
5.9 assuming a slower carrier mobility of µs = 8.1 × 10−7 cm2V−1s−1 and a dielectric
constant of ε = 3.5. In accordance with Eq. 5.15 from Section 5.6.1, the trap
depths for both devices can be obtained at the corresponding point-of-transition [POT]
intensity. For the PM6:ITIC device a trap depth of ∆t = 0.4 eV was obtained, while
for the PBDB-T:EH-IDTBR device a trap depth of ∆t = 0.45 eV was estimated. In
both cases NL,A = 1020 cm−3 was assumed and ttr = 6 × 10−7 s [ttr = 1 × 10−7 s]
were determined for PM6:ITIC [PBDB-T:EH-IDTBR] from RPV [details to the RPV
technique are provided in Box 3.3; experimentally obtained RPV transients can be
found in Fig. B.5 in Appendix B]. In this regard, an estimate of the corresponding
trap densities can be obtained based on Eq. 5.19 from Section 5.6.3. Assuming
Vbi ≈ 1 V for the PM6:ITIC and PBDB-T:EH-IDTBR devices, trap densities for both
devices was found to be on the order of ∼ 1017 cm−3. It is worth noting that the exact
origin of the observed trap states remains unknown. The obtained trap depths are,
however, in agreement with those recently reported by Zuo et al. [0.3 ≤ ∆t ≤ 0.6 eV]
for single-carrier devices pointing towards water-induced trap states.[180]
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5.9 Conclusion

In this chapter, a detailed study of charge collection efficiency as a function of light
intensity has been presented. As a result, the influence of different photocurrent loss
mechanisms has been clarified. It should be stressed that a certain photocurrent loss
mechanism can be only identified as such if the photocurrent density [charge collection
efficiency] versus light intensity unambiguously follows the power dependence as pre-
dicted by the above theory. Since predominant photocurrent loss mechanisms vary with
intensity and transition regimes occur in between them, it is of the utmost importance
when determining the predominant loss mechanism to measure the Jsc, ηcol [or EQE],
over a broad range of light intensities. Failing to do so, will lead to a misjudgment of
the predominant photocurrent loss mechanisms and the corresponding recombination
order. In this regard, it should also be emphasized that a general deviation from lin-
earity [i.e., α < 1, when plotting Jsc versus IL, or S < 0, when plotting ηcol versus
IL], does not automatically imply the dominating presence of second-order [bimolecu-
lar] recombination, and other photocurrent loss mechanisms, for instance imbalanced
mobilities and the build-up of space charge, device series resistance and trap-assisted
recombination, have to be taken into account. Especially in the case of the latter one,
the deviation could turn out to be merely the transition between two linear [constant]
Jsc [ηcol] regimes pointing towards a first-order recombination process and the presence
of trap states.

Tab. 5.1 in Box 5.2 summarizes the above recombination and photocurrent loss
mechanisms [i.e., ideal and loss-free charge collection, first-order absorption and gen-
eration loss, first-order, trap-assisted SRH recombination, second-order, bimolecular
recombination, imbalanced mobility transport, series resistance limitation and trimolec-
ular Auger recombination] with particular focus on their signatures in steady-state IPC
measurements and the corresponding Jsc versus IL, and EQE versus IL log-log plots
[see Fig. 5.9]. In this regard, it is worth noting that it is also common in the literature
to plot the EQE versus photocurrent [density] instead of light intensity.[131, 154, 170]
In this case the expected slopes for the photocurrent loss mechanisms will change ac-
cordingly [see Tab. 5.1].
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Summary of recombination and photocurrent loss mechanism signatures in
steady-state IPC measurements

Box 5.2

 

Mechanism 
Slope in a log-log plot 

𝑱𝑱𝐬𝐬𝐬𝐬 versus 𝑰𝑰𝐋𝐋 𝐄𝐄𝐄𝐄𝐄𝐄 versus 𝑰𝑰𝐋𝐋 EQE versus 𝑱𝑱𝐬𝐬𝐬𝐬 

ideal charge collection 1 0 0 

absorption and generation loss 1 0 0 

bimolecular recombination 1/2 -1/2 -1 

trap-assisted Shockley-Read-Hall 

(SRH) recombination 

two shifted and unity 

slope regimes 

two shifted and 

constant plateaus 

two shifted and constant 

plateaus 

space-charge 3/4 -1/4 -1/3 

series resistance 𝐽𝐽sc ∝ ln (𝐼𝐼L) -1 
Asymptotically convergent to 

𝐽𝐽sc ≈ 𝑉𝑉oc/Rs 

trimolecular Auger recombination 1/3 -2/3 -2 

 

Mechanism 
Slope in a log-log plot 

𝑱𝑱𝐬𝐬𝐬𝐬 versus 𝑰𝑰𝐋𝐋 𝐄𝐄𝐄𝐄𝐄𝐄 versus 𝑰𝑰𝐋𝐋 EQE versus 𝑱𝑱𝐬𝐬𝐬𝐬 

ideal charge collection 1 0 0 

absorption and generation loss 1 0 0 

bimolecular recombination 1/2 -1/2 -1 

trap-assisted Shockley-Read-Hall 

(SRH) recombination 

two shifted and unity 

slope regimes 

two shifted and 

constant plateaus 

two shifted and constant 

plateaus 

space-charge 3/4 -1/4 -1/3 

series resistance 𝐽𝐽sc ∝ ln (𝐼𝐼L) -1 
Asymptotically convergent to 

𝐽𝐽sc ≈ 𝑉𝑉oc/Rs 

trimolecular Auger recombination 1/3 -2/3 -2 

 

 
Table 5.1: Expected slopes in a log-log plot for relations between short-circuit
current density [Jsc], external quantum efficiency [EQE] and light intensity [IL]
when different photocurrent loss mechanisms are predominant.
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Figure 5.9: (a) Simulated short-circuit current density [Jsc] and (b) normalized
external quantum efficiency [EQE] plotted as a function of light intensity [IL], and
compared for different photocurrent loss mechanisms.
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Chapter 6

Direct observation of
trap-assisted recombination

Trap-assisted recombination caused by localised sub-gap states is one of the most im-
portant first-order loss mechanisms limiting the power-conversion efficiency of all types
of solar cells. The presence and relevance of trap-assisted recombination in organic
photovoltaic devices is still a matter of some considerable ambiguity and debate, hin-
dering the field as it seeks to deliver ever higher efficiencies and ultimately a viable
new solar photovoltaic technology. In this chapter it is shown that trap-assisted re-
combination loss of photocurrent is universally present under operational conditions in
a wide variety of organic solar cell materials including the new non-fullerene electron
acceptor systems currently breaking all efficiency records for organic solar cells. The
traps are found to consist of deep states lying 0.35− 0.6 eV below the transport edge.
Apart from limiting the photocurrent, it is shown that trap-assisted recombination via
these comparatively deep traps is also responsible for ideality factors between 1 and
2, shedding further light on another open and important question as the fundamental
working principles of organic solar cells.
This chapter is based upon a collaborative work published in 2021 by the author in the
journal Nature Communications.[153]
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6.1 Trap states in organic semiconductors

Recently, organic solar cells have surpassed 17 %[111, 181] power conversion efficiency
[PCE] in single-absorber layer bulk heterojunction [BHJ] devices based upon non-
fullerene electron acceptor [NFA] systems. This represents a major advance in the
field, and indeed may be the catalyst to move organic solar cells to ‘viable technology’
status. BHJs have also been used in state-of-the-art photodetectors such as photo-
diodes with wide dynamic range,[96] high specific detectivities[182, 183] and colour
selectivity.[184] In order to further optimize the device performance of organic photo-
voltaic devices, including organic solar cells and photodetectors, a better understanding
of fundamental processes limiting the photocurrent and thereby the power conversion
efficiency, is a pre-requisite. In state-of-the-art solar cells, the short-circuit current is
limited by first-order losses, including those due to non-optimal absorption and gem-
inate recombination of excitons and charge transfer [CT] states. Another first-order
loss mechanism is recombination via trap states – that is, through available states for
charge carriers within the energy gap. In general, traps and the associated trap-assisted
recombination also give rise to increased non-radiative photovoltage losses and reduced
fill factors. While losses caused by absorption and geminate recombination have been
studied in detail and can be directly linked to material properties, the presence and role
of traps remain controversial topics in organic solar cells and organic optoelectronics
more broadly.

In neat organic devices, universal traps at 3.6 eV and 6.0 eV [below the vacuum level]
limiting carrier transport have been observed, attributed to water-oxygen complexes
and water clusters, respectively.[185, 186] These traps define an energetic window for
bipolar trap-free charge transport in organic semiconductors: if the lowest unoccupied
molecular orbital [LUMO] [or highest occupied molecular orbital (HOMO)] lies above
[below] the electron [hole] trap level, the electron [hole] transport is inevitably trap-
limited. This explains the unipolarity of long-range charge transport in most organic
semiconductors at low carrier densities.[184, 187] A different conclusion was reached in
a recent study by Zuo et al. who suggested that the traps are caused by water-filled
nanovoids, inducing trap levels that are always approximately 0.3 − 0.4 eV above [be-
low] the HOMO [LUMO].[180]
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In BHJs, the LUMO of the electron-transporting acceptor and the HOMO of the hole-
transporting donor typically lie within the window of trap-free electron and hole trans-
port in their respective domains. Despite this, the presence of traps [and trap-assisted
recombination] has been frequently reported for organic BHJ solar cells.[136, 169, 188–
193] Whether these traps are deep gap states or shallow tail states below the transport
level is a heavily debated subject. Furthermore, the actual trap-induced losses un-
der realistic operating conditions [i.e., irradiances of ∼ 1 sun and at maximum power
point] have in many cases remained matters of conjecture – the nature and presence of
trap-assisted recombination are frequently deduced from ideality factor measurements
or electrical transient methods, such as transient photovoltage, performed under open-
circuit conditions. However, these methods have been shown to be susceptible to both
electrode-induced and resistive/transport-related limitations.[48, 162, 168, 178, 194]
To date, reliable methods that unambiguously quantify photocurrent losses caused by
trap-assisted recombination in organic solar cells under relevant operating conditions
are lacking.
Herein, wide dynamic range light-intensity-dependent measurements of the external
quantum efficiency [EQE] at sub-Hz modulation frequencies are utilized to character-
ize trap-assisted recombination in fully operational organic photovoltaic devices [see
Box 5.1]. It is shown that in the presence of traps, an anomalous and hitherto unre-
ported two-step EQE behaviour can be observed [as a function incident light intensity].
The two-step behaviour is a results of trap-included first-order recombination in the
bulk [which is absent at low intensities] being switched on at moderate intensities due
to trap filling. This effect allows for the first-order trap-assisted recombination losses
under 1 sun intensity to be quantified. Combined intensity-dependent photocurrent
[IPC] and open-circuit voltage [Voc] measurements further allow an estimate of the en-
ergy and density of trap states within the active layer. Using this method, trap-induced
first-order photocurrent losses are found to be present in a large variety of fullerene and
non-fullerene-based organic BHJ solar cells – a sufficient enough set of material systems
to consider the observation universal. This first-order recombination loss is caused by
deep traps states in the gap, lying in all cases 0.35− 0.6 eV below the transport levels.
Finally, the findings are also relevant for indoor solar harvesting and photodetector
applications of organic BHJs operating at low intensities.
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6.2 Shockley-Read-Hall statistics: shallow and deep trap
mode

In Fig. 6.1 the basic principles behind the analysis method is demonstrated. The
inset in Fig. 6.1a shows a schematic energy level diagram for a BHJ with electron
trap states of density Nt situated at an energy Et in the gap. The trap depth is then
defined as ∆t = EL,A − Et, where EL,A is the LUMO level energy of the acceptor.
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Figure 6.1: Comparison of simulated external
quantum efficiency [EQE] (a) and open-circuit
voltage (b) versus intensity between the case
with [blue, solid line] and without [red, dashed
line] trap states in the donor: acceptor blend
bulk. The inset in (a) shows the schematic en-
ergy level diagram of donor: acceptor BHJ so-
lar cell with acceptor LUMO level [EA,L] and
donor HOMO level [ED,H]. The electron trap is
located at an energy [Et] having a trap depth of
∆t =| EA,L − Et | and a trap density of Nt.

In accordance with the Shockley-Read-
Hall [SRH] formalism [see Chapter 1,
Section 1.8.2], the associated trap-
assisted recombination takes place be-
tween trapped electrons [captured from
the LUMO] and free holes. Fig.
6.1b,c show the simulated normalized
EQE and Voc versus light intensity [IL]
for a generic organic solar cell with
[blue solid line] and without [red dashed
line] traps. A numerical drift-diffusion
model was used for the simulations[80,
81]; the details of which are provided in
the Tab. A.3 in the Appendix A. For
the device with traps, the simulations
reveal a constant EQE at low intensities
and a second semi-plateau at higher in-
tensities [albeit with lower magnitude]
caused by the first-order trap-assisted
recombination in the bulk. For the
trap-free device, the second plateau is
notably absent.
The SRH rate is limited by the num-
ber of trapped electrons, which depends
on the position of the quasi-Fermi level
EF,n for free electrons relative to the
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6.2 Shockley-Read-Hall statistics: shallow and deep trap mode

trap energy Et. The carrier density, and thus the quasi-Fermi level, in turn, depend
on the incident light intensity. As discussed in detail in Chapter 5, Section 5.6,
under conditions when EF,n ≪ Et [low IL], most of the traps are unoccupied [shallow
trap mode], and the trap-assisted recombination is negligible [compared to charge ex-
traction]. In contrast, when EF,n ≫ Et [high IL], a significant fraction of traps will
be occupied by electrons [deep trap mode], and first-order trap-assisted recombination
is switched on, resulting in the second EQE plateau. The critical electron density at
which EF,n = Et is given by

n1 = NL,A × exp
[
− ∆t
kBT

]
, (6.1)

where NL,A is the density of transport states in the LUMO of the acceptor, kB is the
Boltzmann constant and T is the absolute temperature. Hence, the trap depth critically
defines the onset intensity for first-order SRH recombination in the bulk- below this
onset, the traps are acting as shallow traps and trap-induced recombination losses in
the bulk are small. Note that at higher intensities second-order bimolecular recombina-
tion eventually starts to play a role, manifest as an additional light-intensity dependent
quantum efficiency [QE] loss.
It should be noted that the competition between trap-assisted recombination and
bimolecular recombination is more pronounced under open-circuit conditions. The
corresponding ideality factor nid is related to the open-circuit voltage via qVoc ≈
nidkBT ln(IL), where q is the elementary charge. As evident from Fig. 6.1b, while
the Voc at low and high intensity is limited by shunt effects [nid > 2] and the con-
tacts [nid < 1], respectively, the Voc at moderate intensities is dominated by bulk
recombination. Depending on the relative balance between the first-order trap-assisted
recombination [nid = 2] and bimolecular recombination [nid = 1], the ideality factor
transition from 1 to 2 resulting in arbitrary values between 1 and 2 when varying the
photovoltage [through control of the incident light intensity].
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6. DIRECT OBSERVATION OF TRAP-ASSISTED RECOMBINATION

6.3 Universal presence of trap states

In the following, intensity-dependent EQE measurements are used to experimentally

quantify the QE loss caused by trap-assisted recombination in the bulk [see Box 5.1].

For this purpose, IPC measurements under short-circuit conditions at an excitation

wavelength of 520 nm were conducted. The associated two-step EQE behaviour is dis-

tinctly different to that observed for other first-order loss mechanisms [e.g., of CT states

and excitons] which are expected to be independent of light intensity [see Chapter 5].

Thus, the presence of such two-step EQE can be used to unambiguously identify trap-

assisted recombination in organic photovoltaic devices. Note that to experimentally

detect first-order recombination via trap states, the photocurrent needs to be recorded

over a broad intensity range and at extremely low modulation frequencies [f ] so that

1/f is longer than the trap release time. Due to the dominant impact of flicker noise at

low frequencies, such measurements typically require long integration times [here more

than 30s for each intensity point at low intensity].

Fig. 6.2a,b show the light intensity dependent normalized EQE and Voc, respec-

tively, of three different organic solar cells: PCDTBT:PC70BM, PTB7-Th:PC70BM and

PM6:BTP-eC9. The chemical definitions are provided in the Appendix A. All devices

exhibit a constant EQE plateau at low irradiances reaching a second semi-plateau at

moderate irradiance with lower magnitude, consistent with the presence of trap-assisted

recombination in the bulk as predicted by the simulations [see Section 5.6 in Chapter
5, and Fig. B.6 in Appendix B]. Corresponding first-order, trap-induced, relative

QE losses of 5 %, 4 % and 3 % were obtained from the IPC measurements for the three

systems, respectively. However, this loss channel is deactivated below intensities around

10−3 − 10−4 suns for PCDTBT:PC70BM and PBT7-Th:PC70BM, and 10−2 suns for

PM6:BTP-eC9. The presence of trap-assisted recombination is further corroborated by

the Voc data with ideality factors varying between 1 and 2 at moderate intensities. At

intensities above 1-sun equivalent, higher-order processes [such as bimolecular recombi-

nation and series resistance limitations] eventually lead to a rapid decrease of the EQE.

126



6.3 Universal presence of trap states

(a) (b)

Figure 2

0.6

0.7

0.8

0.9

1.0

N
o
rm

a
liz

e
d
 E

Q
E

0.0

0.2

0.4

0.6

0.8

1.0

V
O

C
 (

V
)

0.6

0.7

0.8

0.9

1.0

N
o
rm

a
liz

e
d
 E

Q
E

0.0

0.2

0.4

0.6

0.8

1.0

V
O

C
 (

V
)

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102

0.6

0.7

0.8

0.9

1.0

N
o
rm

a
liz

e
d
 E

Q
E

Intensity (sun)

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102
0.0

0.2

0.4

0.6

0.8

1.0

V
O

C
 (

V
)

Intensity (sun)

Experiment
Simulation

PCDTB:PC70BM
𝑛id = 1

𝑛id = 2

PTB7-Th:PC70BM

𝑛id = 1

𝑛id = 2

Experiment
Simulation

PM6:BTP-eC9

Experiment
Simulation

𝑛id = 1

𝑛id = 2

Experiment
Simulation

Experiment
Simulation

Experiment
Simulation

PM6:BTP-eC9

PTB7-Th:PC70BM

PCDTB:PC70BM

5 %

4 %

3 %

Figure 6.2: a) Experimental [blue symbols] and simulated [red lines] normalized external
quantum efficiency [EQE] plotted as a function of intensity for three different organic
solar cells together with the estimated relative quantum efficiency [QE] losses induced
by first-order, trap-assisted recombination: PCDTBT:PC70BM [5 %], PTB7-Th:PC70BM
[4 %] and PM6:BTP-eC9 [3 %]. b) Corresponding open-circuit voltage [Voc] plotted as
a function of intensity for the three solar cells. The green and black lines are guides
to the eye with a slope corresponding to an ideality factor of nid = 2 [when trap-assisted
recombination is dominant] and nid = 1 [in the case bimolecular recombination dominates].
The experimentally obtained and simulated J-V curves are provided in Fig. B.7 in
Appendix B.
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Figure 6.3: (a) Light J-V
curves and (b) normalized
intensity dependent EQE of
organic solar cells.

This two-step EQE behavior was detected for a large
variety of fullerene and non-fullerene acceptor based or-
ganic solar cells including state-of-the-art PM6:BTP-
eC9. Current density versus applied voltage [J-V ] per-
formances under artificial AM 1.5G conditions together
with the intensity dependent, normalized EQEs are
shown in Fig. 6.3a,b. The PCEs of the studied systems
are summarized in Fig. 6.4a. The associated relative
QE losses for the studied systems are summarized in Fig.
6.4d. Note that the relative QE losses are not only an
indication of how much [relative] photocurrent is lost due
to the first-order, trap-assisted recombination channels,
but also how much [relative] more photocurrent could
be gained in [theoretical] absence of SRH recombination
pathways. The corresponding slope parameter α of the
short-circuit density, Jsc ∼ IαL , in the intensity regime
of the second EQE semi-plateau is shown in Fig. 6.4e.
For all systems, an α close to unity was obtained, indicat-
ing that the QE loss associated with the second plateau
is first-order. Although every possible combination of
acceptor and donor organic semiconductor cannot realis-
tically studied, the consistency of these findings point to-
ward the universal presence of first-order recombination
via deep traps in the bulk of organic photovoltaic junc-
tions. To estimate the associated trap depth, Eq. 6.1
[see Section 5.6 in Chapter 5] is used. Accordingly,
the trap depth can be obtained from the free carrier den-
sity [n = n1] at the point-of-transition [POT] intensity
right in-between the two EQE plateaus. The photogeneration current at POT is given
by JPOT = 2qnd/ttr. Hence, the trap depth can be estimated via

∆t = kBT ln
[
2qNL,Ad

JPOTttr

]
. (6.2)
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Figure 6.4: (a) Power conversion efficiency
[PCE], (b) energetic offset, (c) trap density,
(d) relative quantum efficiency [QE] loss, (e)
slope parameter α, and (f) trap depth of or-
ganic solar cells.

Fig. 6.4f shows the trap depths for the
different systems. The transit-times were
obtained from resistance-dependent pho-
tovoltage [see Box 3.3] measurements
[see Fig. B.7 in Appendix B]. The
trap depths are between 0.35 − 0.6 eV
for all systems [see Fig. 6.4f ]. The ex-
tracted trap depths are consistent with
those experimentally expected from the
measured open-circuit voltages [see Fig.
B.8 in Appendix B]. The experimental
EQE and Voc [and J-V curves; see Fig.
B.7 in Appendix B] can be reproduced
qualitatively by DD simulations, assum-
ing a device with trap states lying 0.4–0.5
eV below the transport levels and a fi-
nite shunt resistance, as indicated by the
solid red lines in Fig. 6.2a,b. Subse-
quently, and considering the same set of
traps, the intensity-dependent features of
both EQE and Voc can be consistently
explained. In particular, the presence of
deep traps can account for the transition-
ing ideality factors between 1 and 2 at
moderate intensities [see Fig. 6.1]. In
fact, these results provide a possible and
very plausible explanation for the origin
of ideality factors in organic solar cells.
An estimate of the trap density Nt can be
obtained by making use of Eq. 5.19 [see
Section 5.6.3 in Chapter 5]. Based on
this estimate, Nt is found to be on the or-
der of 1016 – 1017 cm−3 [see Fig. 6.4c].
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6. DIRECT OBSERVATION OF TRAP-ASSISTED RECOMBINATION

Critical trap depth and implications for photodetectors

Box 6.1

The results from Fig. 6.4 are consistent with the presence of trap-assisted
recombination that is activated at moderate intensities by trap filling of states,
lying 0.35 − 0.6 eV below the transport levels, acting as deep trap states under
1 sun illumination. The onset intensity, at which the first-order trap-assisted
recombination in the bulk is activated, is determined by the trap depth [see Eq.
6.2]. Concomitantly, the so-called critical trap depth, ∆∗

t , below which these
trap-induced losses may be avoided [∆t < ∆∗

t ], is given by

∆∗
t ≈ kBT ln

[
2qNL,Ad

Jphttr

]
, (6.3)

where Jph is the corresponding photocurrent density. Assuming typical values
of ttr ∼ 1 µs, NL,A ∼ 1020 cm−3, and d = 100 nm to avoid trap-induced losses in
organic solar cells the trap depth needs to be smaller than 0.25 eV. However, ∆∗

t
only needs be smaller than 0.4 eV in indoor solar cells [operating usually at ∼ 0.3
% of 1 sun]. This suggests that the associated photocurrent losses in indoor light
harvesting solar cells, and similar applications such as photodetectors, operating
at low light intensities, could be avoided.
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6.4 Photoexcitation pathways of trap states

6.4 Photoexcitation pathways of trap states

The presence of trap states in these systems is also visible from ultra-sensitive EQE
measurements, performed using an approach described in detail in Chapter 2 which
allows to probe sub-gap features far below the charge-transfer [CT] state energy.[82]
This is demonstrated for the model system PCDTBT:PC70BM in Fig. 6.5. To confirm
that these features are associated with first-order trap-assisted recombination, trace
amounts of m-MTDATA were intentionally added to the PCDTBT:PC70BM active
layer. Here, m-MTDATA will specifically act as a hole trap due to its HOMO energy
level of 5.1 eV.[100]
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Figure 6.5: (a) Light intensity dependent, normalized external quantum efficiency [EQE]
of a PCDTBT:PC70BM solar cell plotted as a function of light intensity [IL], and compared
to a PCDTBT:PC70BM:m-MTDATA [1 % by mole] device. b) Open-circuit voltage [Voc] of
a PCDTBT:PC70BM and PCDTBT:PC70BM:m-MTDATA [1 % by mole] solar cell plotted
as a function of light intensity. Dotted and solid lines are guides to the eye corresponding
to an ideality factor of nid=1 and nid = 2. c) EQE spectra of PCDTBT:PC70BM and
PCDTBT:PC70BM:m-MTDATA [1 % by mole] BHJ solar cells plotted as a function of
photon energy [Eph]. EQEs at photon energies below the gap are fitted with a double
Marcus function [red solid lines] accounting for both charge transfer state [blue shaded
area] and sub-gap absorption features [green and orange shaded areas].

As evident from Fig. 6.5a,b, the degree of trap-assisted recombination and associ-
ated QE loss in PCDTBT:PC70BM is drastically increased as one would have expected
by adding 1 % [by mole] m-MTDATA with respect to PCDTBT weight fraction, cor-
responding to approximately 0.9 % molar ratio. The associated trap depth was es-
timated to be 0.37 eV, corresponding to a hole trap energy of Et ≈ 4.9 eV [assum-
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6. DIRECT OBSERVATION OF TRAP-ASSISTED RECOMBINATION

ing EHOMO = 5.3 eV for PCDTBT[195]], close to the HOMO level of m-MTDATA.
Moreover, the trap density is estimated to increase from Nt,neat ≈ 5 × 1016 cm−3

in neat PCDTBT:PC70BM to Nt,added ≈ 1018 cm−3 after adding m-MTDATA. Al-
though this is only a rough estimate, the number density of added traps, relative
to the total density of available transport sites, is consistent with the added 1 %
m-MTDATA by mole. The corresponding ultra-sensitive EQE versus incident light
photon energy is shown in Fig. 6.5c. Assuming Marcus-type charge-transfer, the
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Figure 6.6: (a) Schematic energy level
diagram of a donor: acceptor blend with
EL,A and EH,D denoting the acceptor LUMO
and donor HOMO energy level. The [elec-
tron] trap state is located at an energy Et
within the donor: acceptor gap Eg. The
associated charge generation paths in ultra-
sensitive EQE [excitation energy Eph smaller
than Eg] and IPC [Eph larger than Eg] mea-
surements are indicated by up-and-downward
arrows. (b) State energies and trap-related
parameters in organic solar cells, which are
obtained as such from ultra-sensitive EQE
[ECT,trap] and IPC measurements [∆t], and
are interconnected via the binding energy Eb.

low-energy sub-gap feature is expected to
correspond to the excitation of a charge-
transfer complex between a free and a
trapped charge carrier, as recently shown
by Zarrabi and co-workers.[49] The corre-
sponding CT energy of the sub-gap fea-
ture in the neat PCDTBT:PC70BM is es-
timated to be ECT,trap ≈ 0.74 eV.[49]
With the trap depth ∆t = 0.48 eV,
and assuming a donor: acceptor effective
gap of Eg ≈ 1.4 eV for charge-separated
states, this corresponds to a binding en-
ergy [Eb = Eg − ∆t − ECT,trap] of 0.18
eV. With the addition of m-MTDATA the
sub-gap feature is blue-shifted, consistent
with the smaller trap depth [ECT,trap ∼
0.85 eV]. Furthermore, the trap feature
is seen to increase [see Box 6.2], which
agrees well with the estimated increase in
trap density [see above]. It is a subtle
but important point to note that both de-
vices had the same active layer thickness
in order to reduce the influence of the op-
tical interference effects on the sub-gap
EQE.[42] These findings suggest that the
low-energy sub-gap features observed in
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6.4 Photoexcitation pathways of trap states

the ultra-sensitive EQE measurements are of the same origin as the deep trap states
probed by IPC, with the difference being alternate photoexcitation paths. While in
ultra-sensitive EQE measurements the trap states are directly excited [i.e., the photon
excitation energy Eph is much lower than Eg] forming Coulombically bound trapped-
electron/mobile-hole pairs in case of electron traps, in IPC measurements the trapping
of free, separated, charge carries with excess energy [since Eph > Eg] is observed [see
Fig. 6.6a]. The two parameters, trap depth ∆t [obtained from IPC] and charge-
transfer trap energy ECT,trap [obtained from ultra-sensitive EQE measurements], are
related via a binding energy Eb = Eg − ∆t − ECT,trap, which generally leads to a re-
duction of the trap depth for separated charge carriers [see Fig. 6.6b].

Details of sub-bandgap EQEPV fit functions

Box 6.2

A double-Gaussian function is used to fit the reduced EQE [i.e., EQE times
photon energy; EQEred] at photon energies below the gap accounting for both
charge transfer state [CTS] and trap state absorption features. The associated
fit function is given by[75]

EQEred(hν) =
ACTS

σCTS
√
2π

× exp
[
−(hν − ECTS)

2

2σ2
CTS

]

+
Atrap

σtrap
√
2π

× exp
[
−(hν − Etrap)

2

2σ2
trap

]
,

(6.4)

where hν is the photon energy, σ is related to the width [which depends on the
reorganization energy], A denotes the area of the fit function [which is related to
the number density of states], while ECT and Etrap denote the fit function peak
positions.
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6.5 Trap states: electron acceptor- or donor-type?
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Figure 6.7: Dark current density |J | [left axis] and cal-
culated slope [right axis] versus applied voltage of a 1400
nm thick PTB7-Th:PC70BM, 800 nm thick PBDB-T:ITIC
and 1100 nm thick PCDTBT:PC70BM electron-only [left
column] and hole-only [right column] device. Details of
the SCLC technique are provided in Box 6.3.

It should be noted that the
exact value of Eb is expected
to be strongly influenced
by the prevailing energetic
disorder.[42] From the above
analysis it is unclear whether
the observed traps are elec-
tron or hole traps. For this
purpose, dark space-charge-
limited current [SCLC] mea-
surements on electron-only
and hole-only devices were
conducted [see Fig. 6.7]. In-
formation to [single-carrier]
device fabrication are pro-
vided in Appendix A; ex-
perimental details to dark
SCLC measurement technique
can be found in Box 6.3.
The SCLC results point to-
wards these traps being pre-
dominately acceptor-type elec-
tron traps. As such, weak
humps in the slope of the
PTB7-Th:PC70BM and the
PBDB-T:ITIC electron-only
[PCDTBT:PC70BM hole-only]
device reveal electron [hole]

trap states[180, 196]). However, it should be stressed that SCLC is very challenging
being highly sensitive to energetics at the contacts, [unintentional] doping in the bulk,
and energetic disorder, complicating the analysis of the experimental data.[196–198]
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6.5 Trap states: electron acceptor- or donor-type?

Experimental details of space-charge-limited-current (SCLC) measurements

Box 6.3

Space-charge-limited-current [SCLC] measurements are performed using a high-
performance, low noise source-meter-unit [Keithley 2450] to apply bias voltage
and measure the device under test [DUT] dark current density. For the SCLC
measurements, the DUT is mounted in an electrically shielded, low noise Linkam
sample holder to suppress hum noise and measure the current density sensitively.

For a trap-free [trap-limited] device, the dark current density J follows

J =
4π2εε0kBTµ

qd3
V

[
×NC

Nt
exp

{
− ∆t
kBT

}]
(6.5)

at small voltages [ohmic diffusion (trap-controlled) limit]. At high voltage, in
turn, the dark current density can be expressed as

J =
9εε0µ

8d3
V 2 (6.6)

for both trap-limited and trap-free cases. The trap density Nt can be obtained
at the voltage VTFL, at which the trap-filling limit is reached:

V ∗
TFL ∼ qNtd2

2εε0
. (6.7)

In this regard it should be also noted that the traps, and the associated losses, seem
to be agnostic to changes in morphology [see Box 6.4]. The observed trap depths
are, however, consistent with the findings by Zuo et al. In the work by Zuo et al., it
was proposed that electron [and hole] traps lying ∼ 0.3 − 0.4 eV below [or above] the
LUMO [HOMO] are induced by dielectric effects from water-filled nanovoids in neat
organic semiconductor films.[180] A similar situation is also expected to occur for BHJ
structures, pointing towards a universal presence of water-filled nanovoids in BHJs.
A detailed morphological structure-property analysis is, however, needed to further
confirm this proposition.
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6. DIRECT OBSERVATION OF TRAP-ASSISTED RECOMBINATION

Active layer treatment of PTB7-Th:PC70BM

Box 6.4

It has been reported that PTB7-Th:PC70BM solar cells processed with CB so-
lution or CB:DIO solution could render contrasting morphology and defects in
active layer. Hence, PTB7-Th:PC70BM devices with and without DIO were
fabricated [details to device fabrication are provided in Appendix A].
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Figure 6.8: (a) Light J-V curves and (b) light-intensity dependent, normalized
EQE of PBT7-Th:PC70BM fabricated with [red] and without [blue] DIO.

The corresponding current density versus applied voltage [J-V ] characteristics
under artificial 1 sun AM 1.5G condition [see Box 3.1], and normalized EQE,
based on intensity dependent photocurrent [IPC] measurements [see Box 5.1],
are shown in Fig. 6.8. It has been suggested that the different processing meth-
ods are linked to different morphology in the active layer.[60, 199–201] Based on
IPC, an increased second-order recombination in PTB7-Th:PC70BM processed
without DIO [blue symbols in Fig. 6.8b] can be discerned, consistent with the
drastic reduction in the fill factor [see Fig. 6.8a; photovoltaic parameters are
provided in Tab. A.2 in Appendix B]. Nevertheless, the differences in the
trap depth and trap density for PTB7-Th:PC70BM with and without DIO were
found to be negligible [see inset in Fig. 6.8b] pointing towards a trap origin
that is not directly linked to morphology.
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6.6 Conclusion

6.6 Conclusion

In this chapter it has been shown that first-order recombination losses caused by traps
are universally present in a large variety of fullerene and non-fullerene acceptor-based
organic semiconductor BHJ solar cells. This loss is caused by deep trap states situated
∼ 0.35 − 0.6 eV below the transport edges of the acceptor: donor blend having trap
densities between 1016−1017 cm−3. The associated trap-assisted recombination not only
induces losses in the photocurrent, but also limit the open-circuit voltage giving rise to
ideality factors generally between 1 and 2. These findings not only shed new light on the
nature, dynamics, and role of traps in light harvesting organic semiconductor devices,
but also reveal new insight into the measurement, interpretational complexities, and
variability of ideality factors in solar cells. Wide dynamic range, modulated intensity-
dependent measurements are a powerful tool in probing the fundamental structure-
property relationships in photovoltaic materials.
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7. SUMMARY AND OUTLOOK

With recent power conversion efficiencies exceeding 18 %, and 20 % on the horizon,
next-generation optoelectronic devices comprised of organic semiconducting material
blends are an attractive alternative to their inorganic counterparts and show substantial
promise for solar cells, photodetectors, and light-emitting diode applications. To push
the boundaries of efficiency even further, and to make laboratory-small-area organic
photovoltaic competitive for lab-to-fab scaling in industrial markets, further knowl-
edge and progress in molecule synthesis, device engineering, and electro-optical char-
acterization are required. This requires an in-depth analysis of fundamental processes
governing basic device physics allowing stringent optimization of processing, clear def-
inition of material requirements, and the realization of new organic semiconductors to
meet specific needs. The work presented in this thesis has provided experimental and
basic theoretical tools allowing one to examine electro-optical physics – in particular,
charge generation and recombination – in thin-film optoelectronic devices. As such,
it has delivered important progress towards the realization of high-efficiency thin- and
thick-junction functional devices, both critical requirements for achieving large-area
and up-scaled optoelectronic applications.

Chapter 1 reviewed basic principles and fundamentals of excitonic optoelectronic de-
vice physics while pointing out the link between device efficiency and generation and
recombination processes governing these systems.
In Chapter 2, the limitations on the sensitivity of external quantum efficiency [EQE]
measurements were discussed. Different optical and electrical noise sources, such as
parasitic stray light and photon noise of the light source, or shunt-limited thermal and
electrical shot noise of the device under test, were carefully identified by probing the
EQE of a model system under different electrical and light bias conditions. By mini-
mization of these sensitivity-limiting factors, a dynamic range of ∼ 100 dB with a home-
built EQE apparatus could be achieved, and photocurrents as small as fractions of a
femto-amp could be detected. The superior dynamic range of the home-built EQE setup
was achieved by using a high-performance, double-monochromator spectrophotometer
Lambda950 as a low parasitic stray-light, broad wavelength light source, additional
optical long-pass filters, high-gain current- and voltage pre-amplifiers with integrated
low-noise voltage sources, and signal detection via lock-in method. The contribution
of inter- and intra- molecular states to photocurrent generation in organic, inorganic,
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and perovskite solar cells could be directly observed, and additional sub-gap absorption
features at photon energies well below the bandgap – derived from low-finesse cavity
effects and sub-gap trap states – could be revealed.
Based upon the advancement in EQE sensitivity, a new approach for the accurate de-
termination of charge generation quantum yields [CGY] in organic solar cells was intro-
duced in Chapter 3. This thermal-kinetic rate approach is based upon temperature-
dependent, and absorption-corrected ultra-sensitive EQE measurements. Non-fullerene
acceptor- [NFA-] based organic solar cells were investigated, and near-unity CGYs were
revealed in state-of-the-art, high-efficiency NFA photovoltaic devices. As such, an in-
crease in CGY from 0.984 to 0.993 was found in PM6:BTP-eC9 and was directly com-
pared to the performance, energetic, and optoelectronic properties of the related system
PM6:Y6. Careful examination of charge transport via resistance-dependent photovolt-
age and double-injection current measurements accompanied by electro-optical simu-
lations shed light on the subtle, but important, link between high CGYs and strongly
suppressed Langevin recombination rates – the 400 times reduced Langevin recombi-
nation in PM6:Y6 was found to be even further suppressed to roughly 1000 times in
PM6:BTPeC9. Motivated by these findings, high-efficiency thick-junction PM6:BTP-
eC9 solar cells were fabricated delivering above 16 % power conversion efficiency – one
of the best �300 nm thick-junction performances to date.
A newly developed measurement technique, that is, low-intensity integral time-of-flight
[or, LIITOF], was introduced in Chapter 4. LIITOF is based upon the well-known
integral time-of-flight method, but extended to the low-intensity regime and combined
with device capacitance measurements. This simple and easy-to-use experimental tech-
nique allows one to measure small charge carrier densities derived from photon-pulse
charge excitations in the photo-active layer sensitively. The theoretical framework of
LIITOF was derived by one-dimensional drift-diffusion simulations. The technique was
applied to organic and perovskite thin-film solar cells to probe the external generation
efficiency as a function of applied bias voltage, and experimental findings were found
to be in good agreement with results obtained via time-delayed collection field [TDCF]
measurements conducted on the same devices.
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7. SUMMARY AND OUTLOOK

In Chapter 5, the competitive character between charge recombination and extraction
defining the overall power conversion efficiency of every photovoltaic device was dis-
cussed. Supported by a drift-diffusion simulation model, the light intensity dependence
of photocurrent [IPC] was reviewed in the presence of various charge loss mechanisms,
such as trap-assisted Shockley-Read-Hall recombination, the built-up of space-charge
due to imbalanced charge carrier mobilities, current limitation caused by series resis-
tance, and bimolecular bulk recombination. On two different NFA solar cell model
systems it was demonstrated, how IPC measurements, when performed sensitively over
a broad range of light intensities, can be used to identify those predominant photocur-
rent loss mechanisms based upon their unique features.
The main body of the work described in Chapter 6 were IPC measurements realized
on a large variety of fullerene and NFA acceptor-based organic solar cells including
state-of-the-art, high-efficiency PM6:Y6 and PM6:BTP-eC9. First-order, trap-assisted
recombination was found to be present in all investigated organic photovoltaic de-
vices revealing the universal presence of sub-gap trap states in organic donor: acceptor
blends. Careful examination of trap state energetics revealed trap depths lying between
0.35–0.6 eV having trap densities between 1016 − 1017 cm−3. Combining sensitive IPC
measurements with ultra-sensitive EQE measurements conducted on the model sys-
tems PCDTBT:PC70BM and PCDTBT:PC70BM:m-MTDATA [1 % by mole] exposed
the quantum efficiency loss-inducing and charge generation-contributing character of
organic semiconductor trap states.

Based upon the work presented in this thesis, different challenges and questions for
future work can be defined, which all seek to link the field of fundamental device
physics with material synthesis and device engineering. As such, the question arises
as to whether the exact origin of the universally present trap states in organic solar
cells is of an intrinsic, or extrinsic nature and hence, if energetic, molecular-structural,
and/or bulk-morphological properties can be modified to mitigate the photocurrent
loss-inducing character of these sub-gap trap states. While a large number of studies in
the literature - concentrating on the investigation of trap states in organic photovoltaic
- focus merely on thin-film devices, changes in trap energetics with increasing active
layer thickness should now be of significant interest, and could deliver important find-
ings needed for the realization of large area organic photovoltaic. Despite the striking,
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recent success of NFA-based organic solar cells, fundamental relations between ener-
getic offsets, activation energies for charge generation, and morphology-related charge
transport properties need to be addressed in the future. In this regard, experimental
techniques, such as sensitive IPC, EQE, and LIITOF, have proven to be able to sig-
nificantly contribute to the photovoltaic community and to assist by completing the
understanding of organic photovoltaic in general, and NFA-based application in par-
ticular. The theoretical concepts and experimental approaches to investigate charge
generation and recombination in thin-film optoelectronic devices provided in this the-
sis may be also applied to other light-harvesting and photovoltaic material classes, such
as indoor solar cells, photodetectors, or large-area, thick-junction photovoltaic devices.
For the latter class of applications, the dominant series resistance of ordinarily intercon-
nected modules, and the mismatch of photoactive layer and probe beam size requires
further work on device- and experimental apparatus-related perspectives.

Addressing these challenges could further help to establish next generation applica-
tions based upon organic semiconductors as global commercial technologies.
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Appendix A

Device fabrication, statistics, and
simulation model parameters

The following part of the appendix provides details of materials, chemical names and
molecular structures of organic semiconductors, and information on thin-film solar cell
and single-carrier device fabrication. Statistics of photovoltaic device parameters, such
as active layer thickness, fill factor, open-circuit voltage, short-circuit current density,
and power conversion efficiency, are provided, and drift-diffusion simulation model pa-
rameters are listed.
This appendix is written based upon collaborative works (i) published by the author in
the journals ACS Photonics [see Chapter 2] and Nature Communications [see Chap-
ter 6], (ii) submitted to the journals Energy & Environmental Science [see Chapter
3] and Physical Review Applied [see Chapter 5], and (iii) currently under preparation
for submission [see Chapter 4].
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A. DEVICE FABRICATION, STATISTICS, AND SIMULATION
MODEL PARAMETERS

A.1 Chemical definitions

PCDTBT: Poly[N-9�-heptadecanyl-2,7-carbazole-alt-5,5-(4�,7�-di-2-thienyl-2�,1�,3�- ben-
zothiadiazole)]
PC70BM: [6,6]-phenyl-C71-butyric acid methyl ester
m-MTDATA: 4,4’,4”-Tris[(3-methylphenyl)phenylamino]triphenylamine
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)]
PBDB-T: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b�] dithio-
phene)) - alt-(5,5-(1’,3’-di-2-thienyl-5�,7�-bis(2-ethylhexyl)benzo[1�,2�-c:4�,5�-c�]dithiophene-
4,8-dione)]
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
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
EH-IDTBR: has not been named. CAS number: 2102510-60-9
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)]
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
BTP-eC9: 2,2’- [[12,13-Bis(2-butyloctyl)-12,13-dihydro-3,9-dinonylbisthieno[2”,3”:4’,5’]
thieno [2’,3’:4,5]pyrrolo[3,2-e:2’,3’-g][2,1,3]benzothiadiazole-2,10-diyl]bis[methylidyne(5,6-
chloro-3-oxo-1H-indene-2,1(3H)-diylidene) ]]bis[propanedinitrile]
PEDOT:PSS: Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PDINO: 2,9-bis[3-(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-d�e�f�]diisoquinoline-
1,3,8,10(2H,9H)-tetrone
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A.2 Molecular structures

A.2 Molecular structures
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Figure A.1: Molecular structure of PC70BM, m-MTDATA, PTB7-Th, PBDB-T, ITIC,
IT-4F, EH-IDTBR, PM6, Y6, and BTP-eC9 acting either as an electron donating [D], or
an electron accepting [A] organic semiconductor.
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A. DEVICE FABRICATION, STATISTICS, AND SIMULATION
MODEL PARAMETERS

A.3 Device fabrication

A.3.1 Inverted organic solar cell architecture

PCDTBT:PC70BM (with and without m-MTDATA), PTB7-Th:ITIC, PBDB-
T:ITIC, PTB7-Th:PC70BM (with and without DIO), PBDB-T:IT-4F, PBDB-
T:EH-IDTBR, and PM6:IT-4F solar cells were fabricated with an inverted architec-
ture (glass/ indium tin oxide (ITO)/ ZnO/ active layer/ MoO3/ Ag). The commercial
ITO patterned glass electrodes were cleaned by sonication in distilled water, acetone
and 2-propanole in sequence each for 10 min. The cleaned substrates were first dried
with a stream of nitrogen and then transferred to a 100 ◦C hotplate, and further treated
with an Oxygen plasma for 10 minutes. The ZnO performs as an electron transport
layer and was prepared by dissolving 200 mg zinc acetate dihydrate (purchased from
Sigma-Aldrich) in 2-methoxyethanol (2 mL) using ethanolamine (56 µL) as the sta-
bilizer. The solution was stirred overnight under ambient conditions and spin-coated
(4000 rpm for 30 s) onto the ITO substrates and further annealed at 200 ◦C for 1 hour
to obtain a thickness of approximately 30 nm. Active layer deposition of the above sys-
tems was conducted by spin-casting, and their details are listed below. Subsequently,
7 nm of MoO3 and 100 nm of Ag were evaporated through a shadow mask in a vacuum
chamber with < 10−6 mbar base pressure defining a 0.04 cm2 cell area for each pixel.
Afterwards, devices were sealed with a cover glass using UV light-annealed glue from
Bluefix. All the thicknesses of the above films are measured by ellipsometry.

Details of active layer depositions are as follows:

PCDTBT:PC70BM: PCDTBT and PC70BM were purchased from Ossila. A to-
tal concentration of 25 mg mL−1 in Chlorobenzene (CB) with a donor: acceptor ratio
of 1:4 was used to prepare the active layer solution. The solution was spin-coated at
1500 rpm to form a film with the thickness around 100 nm.
PCDTBT:PC70BM:m-MTDATA (1 %): A total concentration of 25 mg mL−1 in
CB with a PCDTBT:PC70BM:m-MTDATA weight ratio of 1:4:0.01 was used to pre-
pare the active layer solution. The solution was spin-coated at 1500 rpm to form a film
with the thickness around 100 nm.
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A.3 Device fabrication

PTB7-Th:PC70BM (with DIO): PTB7-Th was purchased from Zhi-yan (Nanjing).
A total concentration of 16 mg mL−1 in CB:DIO (97:3, v/v) with a donor: acceptor ra-
tio of 1:1.5 was used to prepare the active layer solution. The solution was spin-coated
at 600 rpm to form a film with the thickness around 110 nm.
PTB7-Th:PC70BM (without DIO): A total concentration of 16 mg mL−1 in CB
solution with a donor: acceptor ratio of 1:1.5 was used to prepare the active layer
solution. The solution was spin-coated at 600 rpm to form a film with the thickness
around 110 nm.
PTB7-Th:ITIC: ITIC was purchased from Zhi-yan (Nanjing). A total concentration
of 14 mg mL−1 in CB:DIO (99:1, v/v) with a donor: acceptor ratio of 1:1.4 was used
to prepare the active layer solution. The solution was spin-coated at 700 rpm to form
a film with the thickness around 100 nm.
PBDB-T:ITIC: PBDB-T was purchased from Zhi-yan (Nanjing). A total concentra-
tion of 16 mg mL−1 in CB:DIO (99:1, v/v) with a donor: acceptor ratio of 1:1 was
used to prepare the active layer solution. The solution was spin-coated at 900 rpm and
further thermal annealed at 100 ◦C for 10 min to form a film with the thickness around
100 nm.
PBDB-T:IT-4F: IT-4F was purchased from Solarmer (Beijing). A total concentra-
tion of 16 mg mL−1 in CB:DIO (99:1, v/v) with a donor: acceptor ratio of 1:1 was
used to prepare the active layer solution. The solution was spin-coated at 900 rpm and
further thermal annealed at 100 ◦C for 10 min to form a film with the thickness around
100 nm.
PBDB-T:EH-IDTBR: EH-IDTBR was purchased from Solarmer (Beijing). A total
concentration of 16 mg mL−1 in CB:DIO (99:1, v/v) with a donor: acceptor ratio of
1:1 was used to prepare the active layer solution. The solution was spin-coated at 900
rpm and further thermal annealed at 100 ◦C for 10 min to form a film with the thick-
ness around 100 nm. Note that for PBDB-T:EH-IDTBR thickness series [see Chapter
3], the films were adjusted by changing the concentration of the solution and spin-
coating speed (40 mg ml−1 CB:DIO solution with 700 rpm for 310 nm films, 35 mg
ml−1 CB:DIO solution with 700 rpm for 270 nm films, 30 mg ml−1 CB:DIO solution
with 700 rpm for 200 nm films, 24 mg ml−1 CB:DIO solution with 700 rpm for 170 nm
films, 14 mg ml−1 CB:DIO solution with 700 rpm for 90 nm films, 10 mg ml−1 CB:DIO
solution with 700 rpm for 50 nm films).
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PM6:IT-4F: A total concentration of 14 mg mL−1 in Chloroform (CF): DIO (99.5:0.5,
v/v) with a donor: acceptor ratio of 1:1 was used to prepare the active layer solution.
The solution was spin-coated at 3000 rpm and further thermal annealed at 100 ◦C for
10 min to form a film with thickness around 100 nm.
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A.3 Device fabrication

A.3.2 Conventional organic solar cell architecture

PM6:ITIC, PBDB-T:Y6, PM6:Y6 and PM6:BTP-eC9 solar cells were fabri-
cated with a conventional architecture (glass/ indium tin oxide (ITO)/ PEDOT:PSS/
active layer/ PDINO/ Ag). The commercial ITO patterned glass electrodes were
cleaned by sonication in distilled water, acetone and 2-propanole in sequence each
for 10 min. The cleaned substrates were first dried with a stream of nitrogen and then
transferred to a 100 ◦C hotplate, and further treated with an Oxygen plasma for 10
min. PEDOT:PSS solution was first diluted with the same volume of water and then
cast at 4000 rpm on ITO substrates followed by thermal annealing at 155 ◦C for 15
min to form a 10 nm film. Active layer deposition of the above systems was conducted
by spin-casting, and their details are listed below. Subsequently, 1.5 mg ml−1 PDINO
solution was spin-coated on active layer film at 2000 rpm to form 10 nm films, and
100 nm of Ag were evaporated through a shadow mask in a vacuum chamber with
< 10−6 mbar base pressure. Afterwards, devices were sealed with a cover glass using
UV light-annealed glue from Bluefix. All the thickness of the above films are measured
by ellipsometry.

Details of active layer depositions are as follows:

PBDB-T:Y6: Y6 was purchased from Solarmer (Beijing). A total concentration
of 12 mg mL−1 in CF: 1-chloronaphthalene (99.5:0.5, v/v) with a donor: acceptor ratio
of 1:1.2 was used to prepare the active layer solution. The solution was spin-coated at
2000 rpm and further thermal annealed at 100 ◦C for 10 min to form a film with the
thickness around 100 nm.
PM6:ITIC: PM6 was purchased from Solarmer (Beijing). A total concentration of
14 mg mL−1 in CF:DIO (99:1, v/v) with a donor: acceptor ratio of 1:1 was used to
prepare the active layer solution. The solution was spin-coated at 3000 rpm and further
thermal annealed at 100 ◦C for 10 min to form a film with the thickness around 100 nm.
Note that for PM6:ITIC thickness series [see Chapter 3], the films were adjusted by
changing the concentration of the solution and spin-coating speed (40 mg ml−1 CF:DIO
solution with 2000 rpm for 660 nm films, 36 mg ml−1 CF:DIO solution with 2000 rpm
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for 470 nm films, 32 mg ml−1 CF:DIO solution with 2000 rpm for 2880 nm films, 25 mg
ml−1 CF:DIO solution with 2000 rpm for 180 nm films, 20 mg ml−1 CF:DIO solution
with 3000 rpm for 130 nm films, 14 mg ml−1 CF:DIO solution with 3000 rpm for 90
nm films, 12 mg ml−1 CF:DIO solution with 3000 rpm for 60 films).
PM6:Y6: A total concentration of 16 mg mL−1 in CF: 1-chloronaphthalene (99.5:0.5,
v/v) with a donor: acceptor ratio of 1:1.2 was used to prepare the active layer solution.
The solution was spin-coated at 3000 rpm and further thermal annealed at 100 ◦C for
10 min to form a film with the thickness around 100 nm. Note that for PM6:Y6 thick-
ness series [see Chapter 3], the films were adjusted by changing the concentration of
the solution and the spin‐coating speed (40 mg ml−1 CF:CN solution with 4000 rpm for
390 nm, 35 mg ml−1 CF:DIO solution with 4000 rpm for 310 nm, 30 mg ml−1 CF:DIO
solution with 4000 rpm for 260 nm, 25 mg ml−1 CF:DIO solution with 4000 rpm for
190 nm, 20 mg ml−1 CF:DIO solution with 4000 rpm for 160 nm, 16 mg ml−1 CF:DIO
solution with 2000 rpm for 109 nm, 5 mg ml−1 CF:DIO solution with 2000 rpm for 30
nm).
PM6:BTP-eC9: BTP-eC9 was purchased from Solarmer (Beijing). A total concen-
tration of 16 mg mL−1 in CF: DIO (99.5:0.5, v/v) with a donor: acceptor ratio of 1:1.2
was used to prepare the active layer solution. The solution was spin-coated at 3000 rpm
and further thermal annealed at 100 ◦C for 10 min to form a film with the thickness
around 100 nm. Note that for PM6:BTP-eC9 thickness series [see Chapter 3], films
were adjusted by changing the concentration of the solution and the spin‐coating speed
(40 mg ml−1 CF:DIO solution with 2000 rpm for 446 nm, 35 mg ml−1 CF:DIO solution
with 2000 rpm for 340 nm, 30 mg ml−1 CF:DIO solution with 2000 rpm for 293 nm,
25 mg ml−1 CF:DIO solution with 2000 rpm for 260 nm, 20 mg ml−1 CF:DIO solution
with 2000 rpm for 160 nm, 16 mg ml−1 CF:DIO solution with 3000 rpm for 90 nm, 12
mg ml−1 CF:DIO solution with 3000 rpm for 60 nm).

The PCDTBT:PC70BM and neat PCDTBT thin-film solar cells from Chapter 4 were
fabricated by Dr. J. Kurpiers. A detailed description of the PCDTBT:PC70BM device
fabrication can be found in [159]. For the neat PCDTBT device, only the active layer
preparation was different to [159], where 20 mg ml1 PCDTBT was dissolved in CB and
spin-coated at 2000 rpm.
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A.3.3 Perovskite solar cells

The triple cation perovskite solar cell [see Chapter 4] was fabricated by Dr. J. Kurpiers
according to the recipe provided in [202] - the following device fabrication description
is written based upon it.

PEDOT:PSS (purchased from Heraeus Celivious 4083) was spin-coated at 2000 rpm
for 40 s with an acceleration of 2000 rpm s−1, before annealing for 15 min at 150 ◦C
on a hotplate. P3HT (purchased from Sigma-Aldrich, molecular weight ∼ 27 000) was
dissolved in 3 mg mL−1 DCB solution and spincoated for 30 s at 3000 rpm with an
acceleration of 3000 rpm s−1. The P3HT layer was annealed for 10 min at 100 ◦C,
before treated with oxygen for 5 s. PolyTPD (purchased from Ossila) was dissolved in
1.5 mg mL−1 DCB solution and spin-coated at 6000 rpm for 30 s with an acceleration of
2000 rpm s−1. Subsequently, the PolyTPD layer was annealed on a hotplate for 10 min
at 100 ◦C. PTAA (purchased from Sigma-Aldrich) was spincoated from a 1.5 mg mL−1

Toluene solution for 30 s at 6000 rpm with an acceleration of 2000 rpm s−1 to form a
∼ 10 nm hick film. Onto the spinning substrate at 5000 rpm for 20 s, 60 µL solution
of PFN-P2 (0.5 mg mL−1 in methanol) was added, before annealing for 10 min on a
hotplate at 100 ◦C. The perovskite (triple cation) solution was prepared by mixing 1.3
M FAPbI3 and 1.3 M MAPbBr3 perovskite solution in a ratio of 83:17 in DMF:DMSO
(4:1) solution. Note that in the following, this final solution is referred to as ’MAFA’
solution. The 1.3 M FAPbI3 solution was prepared by dissolving FAI (722 mg) and
PbI2 (2130 mg) in 2.8 mL DMF and 0.7 mL DMSO (note there is a 10 % excess of
PbI2). The 1.3 M MAPbBr3 solution, in turn, was made by dissolving MABr (470 mg)
and PbBr2 (1696 mg) in 2.8 mL DMF and 0.7 mL DMSO (note that there is a 10 %
excess of PbBr2). 40 µL a 1.2M CsI solution in DMSO (389 mg CsI in 1 mL DMSO)
was then mixed with 960 µL the MAFA solution. The final perovskite stoichiometry
was (CsPbI3)0.05[(FAPbI3)0.83(MAPbBr3)0.17]0.95 in solution, which was spincoated for
35 s at 4000 rpm with an acceleration of 1300 rpm s−1. Note that 300 µL EA solution
was used 10 s after the spinning process started, to wash the spinning substrates for
about 1 s. The anti-solvent was placed right in the centre of the spinning film. The
perovskite film was then annealed on a hotplate for 60 min at 100 ◦C, before transferring
the sample to an evaporation chamber. Under vacuum with a base pressure of 10−7
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mbar, 30 nm of C60 and 10 nm of LiF were evaporated at 0.1 Ås−1 and 0.03 Ås−1. The
device was then completed by transferring the sample to another evaporation chamber,
where under vacuum with base pressure of 10−7 mbar, 8 nm of BCP (purchased from
Sigma-Aldrich) and 100 nm of copper (purchased from Sigma-Aldrich) were evaporated
at 0.2 Ås−1 and 0.6 Ås−1.
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A.3.4 Single-carrier organic devices

PTB7-Th:PC70BM hole-only and electron-only devices: The device structures
of hole-only and electron-only devices were: ITO/ PEDOT:PSS/ active layer/ MoO3/
Ag and ITO ZnO/ active layer/ PDINO/ Ag respectively. For the hole-only devices,
40 nm PEDOT:PSS films were cast on clean ITO substrate. For the deposition of the
PTB7-Th: PC70BM active layer, 1400 nm PTB7-Th:PC70BM (1:1.5, w/w) film was
spin-coated (500 rpm) on PEDOT:PSS or ZnO substrates from CB solutions (50mg
mL−1 with 3 vol% DIO) and further rinsed with 80 µL of methanol at 4000 rpm for
20 s. Following this, 7 nm MoO3 and 100 nm Ag were thermally evaporated to form a
cathode under high vacuum. For the electron-only device, a 30 nm ZnO film was cast
on clean ITO substrates. Subsequently, the active layer was cast onto the ZnO sub-
strate with the same method as the hole-only device. Following this, an 8 nm PDINO
film was spin-coated (3000 rpm) from methanol solution (1 mg mL−1), and 100 nm of
Ag thermally evaporated on PDINO to form an anode.

PBDB-T:ITIC hole-only and electron-only devices: The device structures of
the hole-only and electron-only devices, and the deposition methods of PEDOT:PSS,
ZnO, PDINO, MoO3 and Ag were the same as the PTB7-Th:PC70BM hole-only and
electron-only devices. For the deposition of the PBDB-T:ITIC active layer, a 800 nm
PBDB-T:ITIC (1:1, w/w) film was spin-coated (1200 rpm) on PEDOT:PSS or ZnO
substrates from CB solutions (50 mg mL−1 with 1 vol% DIO) and further thermal
annealed at 100 ◦C for 10 min.

PCDTBT:PC70BM hole-only and electron-only devices: The device structures
of the hole-only and electron-only devices, and the deposition methods of PEDOT:PSS,
ZnO, PDINO, MoO3 and Ag were the same as the PTB7-Th:PC70BM hole-only and
electron-only devices. For the deposition of the PCDTBT:PC70BM active layer, 1100
nm PCDTBT:PC70BM (1:4, w/w) film was spin-coated (500 rpm) on PEDOT:PSS or
ZnO substrates from CB solutions (50 mg mL−1).

155



A. DEVICE FABRICATION, STATISTICS, AND SIMULATION
MODEL PARAMETERS

A.4 Device statistics and simulation model parameters

Device EH,D [eV] EL,A [eV] d [nm] ∆t in [eV] Nt [cm−3]
A 5.21[203] 3.89[204] 110 0.46 4× 1016

B 5.3[195] 3.9[205] 80 0.48 5× 1016

C 5.24[206] 3.9[205] 110 0.44 3× 1016

D 5.21[203] 3.89[204] 110 0.51 4× 1016

E 5.24[206] 3.89[204] 90 0.38 5× 1016

F 5.21[203] 4.14[204] 110 0.45 3× 1016

G 5.45[207] 4.14[204] 110 0.45 3× 1016

H 5.45[207] 4.1[108] 100 0.44 4× 1016

I 5.45[207] 4.1[108] 100 0.40 4× 1016

J 5.45[207] 3.89[204] 110 0.46 4× 1016

K 5.21[203] 4.1[108] 90 0.42 5× 1016

L 5.24[206] 3.9[205] 90 0.45 3× 1016

M 5.3[195] 3.9[205] 80 0.37 7× 1016

Table A.1: Energy levels of donor HOMO [EH,D] and acceptor LUMO [EL,A], active layer
thicknesses [d], trap depths [∆t,IPC] and densities [Nt] of the following organic solar cells:
A [PBDB-T:ITIC], B [PCDTBT:PC70BM], C [PTB7-Th:PC70BM (with DIO)], D [PBDB-
T:EH-IDTBR], E [PTB7-Th:ITIC], F [PBDB-T:IT-4F], G [PM6:IT-4F], H [PM6:Y6], I
[PM6:BTP-eC9], J [PM6:ITIC], K [PBDB-T:Y6], L [PTB7-Th:PC70BM (without DIO)],
and M [PCDTBT:PC70BM:m-MTDATA (1 % by mole)].

Device Voc [V] FF [%] Jsc [mA cm2] PCEavg (PCEmax) in [%]
A 0.90± 0.01 63.4± 0.5 10.7± 0.2 6.2± 0.1(6.4)
B 0.58± 0.01 35.2± 1.2 1.5± 0.1 0.32± 0.1(0.34)
C 0.70± 0.01 44.5± 0.7 14.3± 0.3 4.5± 0.3(6.1)
D 0.76± 0.01 65.3± 0.4 17.0± 0.3 8.6± 0.3(9.1)
E 0.99± 0.01 57.7± 1.0 10.2± 0.2 5.7± 0.2(6.0)
F 0.72± 0.01 75.0± 0.7 18.5± 0.4 9.6± 0.2(9.9)
G 0.83± 0.01 76.0± 0.6 19.4± 0.4 12.2± 0.2(12.5)
H 0.90± 0.01 68.5± 1.1 15.5± 0.5 9.3± 0.4(9.7)
I 0.97± 0.01 61.2± 1.2 16.2± 0.6 9.2± 0.3(9.6)
J 0.81± 0.01 65.3± 0.5 14.2± 0.3 7.6± 0.2(7.9)
K 0.74± 0.01 61.4± 0.9 24.0± 0.4 10.9± 0.4(11.5)
L 0.84± 0.01 76.0± 1.0 24.2± 0.4 15.2± 0.3(15.6)
M 0.84± 0.01 77.5± 1.0 24.3± 0.4 15.8± 0.4(16.4)

Table A.2: Photovoltaic parameters [Voc, FF, Jsc, and PCE] of the following organic
solar cells: A [PCDTBT:PC70BM], B [PCDTBT:PC70BM:m-MTDATA (1 % by mole)], C
[PTB7-Th:PC70BM (without DIO)], D [PTB7-Th:PC70BM (with DIO)], E [PBDB-T:EH-
IDTBR], F [PBDB-T:IT-4F], G [PM6:IT-4F], H [PBDB-T:ITIC], I [PM6:ITIC], J [PTB7-
Th:ITIC], K [PBDB-T:Y6], L [PM6:Y6], and M [PM6:BTP-eC9].
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Parameter Figure 6.1 A B C
Eg, eV 1.30 1.46 1.31 1.25

ε 3.5 3.5 3.5 3.5
Neff, cm−3 1020 1020 1020 1020

d, nm 100 80 110 100
Ḡ, cm−3s−1 1022 8× 1021 9.5× 1021 1.59× 1022

µ, cm2V−1s−1 10−4 5× 10−4 5× 10−3 1..5× 10−3

Rband-to-band, cm3s−1 10−11 2.6× 10−10 5.2× 10−11 1.6× 10−12

Nt, cm−3 10−17 2.5× 10−16 8× 10−16 1.6× 10−17

∆t, eV 0.4 0.49 0.49 0.41
τSRH, µs 1.0 0.31 0.24 4.0

Einjection, eV 0.20 0.20 0.0 0.05
Rshunt, Ω cm2 4× 105 2× 104 1.7× 103 7× 105

Rseries, Ω cm2 − 1.0 1.0 1.0

Table A.3: Parameters used for the drift diffusion simulations shown in Fig. 6.1, and for
devices A [PCDTBT:PC70BM], B [PTB7-Th:PC70BM], and C [PM6:BTP-eC9] shown in
Fig. 6.2: energy level gap [Eg], relative permittivity [ε], effective density of states [Neff],
active layer thickness [d], average generation rate at 1 sun [Ḡ], mobility [µ], band-to-band
recombination rate [Rband-to-band], trap density [Nt], trap depth [∆t], Shockley-Read-Hall
carrier lifetime [τSRH], injection barrier [Einjection], shunt resistance [Rshunt], and series
resistance [Rseries].

Parameter PM6:Y6 PM6:BTP-eC9
T , K 300 300
ε 3.4 3.4

µn, cm2V−1s−1 1.2× 10−3 1.5× 10−3

µp, cm2V−1s−1 2× 10−4 4× 10−4

γ 2.5× 10−4 10−3

Eg,DA, eV 1.22 1.24
Vbi, V 1.02 1.04

NN,V, cm−3 1020 1020

Einjection, eV 0.1 0.1

Table A.4: Input parameters for electro-optical device simulations shown in Fig. 3.8:
temperature [T ], relative permittivity [ε], electron mobility [µn], hole mobility [µp],
Langevin reduction factor [γ], electrical bandgap [Eg,DA], built-in voltage [Vbi], effective
density of states in conduction and valence band [NN,V], and injection barrier for majority
carriers at the contact [Einjection].
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Thickness [nm] FF [%] Jsc [mA cm2] Voc [V] PCEmax (PCEavg) [%]
30 78.9 14.1 0.81 9.1 (8.7 ± 0.4)
109 76.6 25.1 0.81 15.3 (15.2 ± 0.4)
160 70.4 25.2 0.81 14.3 (13.9 ± 0.4)
190 56.3 25.4 0.80 13.4 (13.2 ± 0.2)
260 61.9 26.7 0.80 13.2 (12.8 ± 0.4)
310 61.4 26.8 0.80 13.1 (12.6 ± 05)
390 55.7 23.8 0.78 10.5 (9.3 ± 1.2)

Table A.5: Photovoltaic parameters [open-circuit voltage (Voc), fill factor (FF), short-
circuit current density (Jsc), and power-conversion efficiency (PCE)] of PM6:Y6 devices
with different active layer thicknesses varying between 30 nm and 390 nm. Information of
the current density versus voltage measurements are provided in Box 3.1.

Thickness [nm] FF [%] Jsc [mA cm2] Voc [V] PCEmax (PCEavg) [%]
60 78.5 24.1 0.83 15.7 (15.3 ± 0.2)
90 79.1 25.7 0.84 17.1 (16.7 ± 0.2)
160 76.9 25.6 0.83 16.4 (16.2 ± 0.2)
200 72.3 27.7 0.83 16.5 (16.1 ± 0.3)
260 71.8 27.8 0.82 16.4 (15.9 ± 0.3)
293 71.3 27.7 0.82 16.2 (15.7 ± 0.4)
340 66.1 27.2 0.82 14.8 (14.3 ± 0.5)
446 59.9 26.8 0.82 13.1 (12.4 ± 0.7)

Table A.6: Photovoltaic parameters [open-circuit voltage (Voc), fill factor (FF), short-
circuit current density (Jsc), and power-conversion efficiency (PCE)] of PM6:BTP-eC9
devices with different active layer thicknesses varying between 60 nm and 446 nm. Infor-
mation of the current density versus voltage measurements are provided in Box 3.1.

Thickness [nm] FF [%] Jsc [mA cm2] Voc [V] PCEmax (PCEavg) [%]
60 68.6 15.1 0.99 10.3 (9.9 ± 0.3)
90 63.0 15.0 0.98 9.3 (9.0 ± 0.2)
130 61.1 14.6 0.98 8.9 (8.6 ± 0.3)
180 55.6 15.0 0.98 8.2 (8.0 ± 0.2)
288 43.8 14.5 0.97 6.2 (5.7 ± 0.3)
470 32.0 10.1 0.96 3.1 (2.8 ± 0.2)
660 29.8 4.1 0.95 1.2 (1.0 ± 0.1)

Table A.7: Photovoltaic parameters [open-circuit voltage (Voc), fill factor (FF), short-
circuit current density (Jsc), and power-conversion efficiency (PCE)] of PM6:ITIC devices
with different active layer thicknesses varying between 60 nm and 660 nm. Information of
the current density versus voltage measurements are provided in Box 3.1.
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Thickness [nm] FF [%] Jsc [mA cm2] Voc [V] PCEmax (PCEavg) [%]
50 59.8 9.1 0.94 5.1 (4.8 ± 0.3)
90 55.5 10.4 0.96 5.6 (5.3 ± 0.3)
170 44.3 10.0 0.92 4.1 (3.8 ± 0.3)
200 42.3 10.1 0.91 3.9 (3.6 ± 0.3)
270 34.8 8.8 0.92 2.8 (2.9 ± 0.2)
310 31.7 7.6 0.88 2.1 (1.9 ± 0.2)

Table A.8: Photovoltaic parameters [open-circuit voltage (Voc), fill factor (FF), short-
circuit current density (Jsc), and power-conversion efficiency (PCE)] of PBDB-T:EH-
IDTBR devices with different active layer thicknesses varying between 50 nm and 310
nm. Information of the current density versus voltage measurements are provided in Box
3.1.
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Appendix B

Additional data and figures

The following part of the appendix contains additional drift-diffusion simulation and
experimental data, and additional figures are provided.
This appendix is written based upon collaborative works of the author (i) published in
the journals ACS Photonics [see Chapter 2] and Nature Communications [see Chap-
ter 6], (ii) submitted to the journal Energy & Environmental Science [see Chapter
3] and Physical Review Applied [see Chapter 5], and (iii) currently under preparation
for submission [see Chapter 4].
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Figure B.1: Current density versus applied voltage [J-V ] performance of a ∼ 100 nm
thick PBDB-T:ITIC solar cell measured in dark [dashed line] and under artificial 1 sun
AM 1.5G illumination [solid line]. Detailed information of the J-V measurement technique
are provided in Box 3.1.
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Figure B.2: Temperature dependent absorptance spectra of (a) PM6:Y6, (b) PM6:BTP-
eC9, (c) PM6:ITIC, and (d) PBDB-T:EH-IDTBR plotted as a function of wavelength, and
compared for different temperatures. The temperatures were stepwise varied between 20 ◦C
and -80 ◦C. Details of the temperature dependent absorptance measurements are provided
in Box 3.2.
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Figure B.3: (a) Refractive index n of PM6:Y6 [red] and PM6:BTP-eC9 [blue] plotted
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eC9 [blue] plotted as a function of wavelength. Refractive and extinction coefficients were
obtained via ellipsometry - details of the measurement technique are provided in [102].
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Figure B.4: External quantum efficiency [EQE] spectra of (a) PM6:Y6 and (b)
PM6:BTP-eC9 plotted as a function of wavelength, and compared for different active
layer thicknesses. Detailed information of the EQE measurement technique are provide in
Chapter 2.
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Figure B.5: Resistance-dependent photovoltage [RPV] transient signals under short-
circuit condition measured on a large variety of fullerene and non-fullerene acceptor based
organic solar cells. The load resistance was stepwise varied between 50 Ω and 1 MΩ
changing the magnitude of the transient signals. The mobilities µ were calculated based
upon the transit time ttr via µ = d2[Vbittr]

−1, where d is the thickness of the corresponding
active layer [see Appendix A] and Vbi denotes the built-in voltage. Detailed information
of the RPV measurement technique are provided in Box 3.3.
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Figure B.6: Simulated external quantum efficiency [EQE] for the case of exponential tail
trap density of states [DOS] plotted as a function of intensity, and compared for different
Urbach energy values [solid lines]. For comparison, a case of a single trap energy level with
∆t = 0.4 eV [dashed line] is included.
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Figure B.7: Experimentally obtained [symbols] and simulated [solid lines] current density
versus applied voltage curves of PCDTBT:PC70BM [blue], PTB7-Th:PC700BM [black] and
PM6:BTP-eC9 [red] under artificial 1 sun AM 1.5G conditions. No hysteresis or depen-
dence on the scan speed was observed. Experimental information of the J-V measurement
technique are provided in Box 3.1; simulation model parameters are provided in Tab.
A.3.
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B. ADDITIONAL DATA AND FIGURES
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Figure B.8: Comparison between trap depths estimated from IPC [∆t,IPC] as described
in Chapter 5, Section 5.6.1 and via quasi-Fermi level splitting at the point-of-transition
[∆t,QFLS] obtained from the open-circuit voltage [see Chapter 5, Section 5.6.2]. For
comparison, ∆t,QFLS = ∆t,IPC [∆t,QFLS = ∆t,IPC ± 0.1eV] is indicated by the black solid
line [dashed lines].
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