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Introduction
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1

2 1. Introduction

1.1 Renewable energy

In the developed world, the rapidly rising energy demand (average annual growth rate
of 1.5%, since 2008 [1]) requires rapid increase in energy generation. The currently avail-
able natural resources of energy are fossil fuels (coal, gas, oil), nuclear and renewables.
Fossil fuels have been and are still remaining the largest energy resource for transporta-
tion, electricity andheat production.[2] The dominant role of fossil fuels in our daily lives
has come at the expense of the increase in greenhouse gas emissions in the atmosphere,
which has made the planet warmer.[3, 4] The need for a global transition away from fos-
sil fuels has resulted in an agreement within the United Nations Framework Convention
onClimateChange (UNFCCC), the Paris agreement, whose objective is to hold the global
temperature increasewell below 2 ◦C.[5] Using large quantities of low carbon power gen-
eration sources while meeting the expanding energy demand, is an important challenge
over the upcoming years to reduce concentration of greenhouse gases to sustainable lev-
els. Renewable energy plays a key role in meeting that challenge.

There are several types of renewable energy resources such as the sun, wind, water,
biomass andgeothermal. Anannual energyof 1.5×1018 kWh isobtained fromthe sunon
earth, which is about 28000 times the total primary energy consumption of the world.[6]
The enormous potential of renewable energy sources can meet the world’s energy de-
mand and bring the world back to a sustainable path.

Photovoltaic technology converts solar radiation into electricity, involving semicon-
ducting materials and is based on the photovoltaic effect.[7] The first silicon solar cell
was developed in 1954 by Chopin et al., with an efficiency of 6%.[8] Photovoltaic solar
energy conversion has been commercial for decades, and is currently flourishing. In
2018, theworld record for solar cell efficiency of 47.1%has been achieved by usingmulti-
junction concentrator solar cells.[9] Perovskite solar cells have reached an efficiency of
25.5%, competing with single crystal silicon solar cells with a record efficiency of 26.1%
(Figure1.1) Hybrid perovskite/silicon tandem solar cells with a certified power conver-
sion efficiency of 29.15% have been also reported.[10] Using an efficient donor-acceptor
copolymer donor, a power conversion efficiency of 18.22% has been achieved for single-
junction organic solar cells, which is the highest efficiency for organic solar cells until
January 2020.[11] Despite great advances in the field of organic photovoltaics, in order
to compete with their inorganic counterparts and get into themarket, organic solar cells
must be improved further, both efficiency and stability wise.

1.2 Organic semiconductors

Organic semiconductors are carbon-based materials with exceptional optical and elec-
tronic properties that make them suitable for organic electronic applications. Organic
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1.2. Organic semiconductors 3

Figure 1.1: Chart of photovoltaic research-cell efficiency versus years. This plot is courtesy of the
National Renewable Energy Laboratory, Golden, CO.

semicondutors offer advantages over their inorganic counterparts, such as solution pro-
cessability and the possibility of manufacturing organic electronic devices on flexible
substrates. Furthermore, their physical and chemical properties can be tuned by modi-
fying their chemical structure. Semiconducting behavior in organicmolecules/polymers
originates from sp2 hybridization of carbon atoms and the formation of alternating sin-
gle and double bonds, which is called conjugation.[12]

A single carbon atomhas a valence electron configuration of (2s)2(2px)1(2py)1(2pz)0.
In sp2 hybridization state, the 2s and two 2p-orbitals form three hybrid orbitals, leaving
unchanged the last pz orbital. In a linear chain of sp2-hybridized carbon atoms, the three
sp2 hybrid orbitals lie in a plane and form three σ bonds with neighboring atoms. The
left over adjacent pz orbitals overlap in a side-by-side fashion to form π bonds, in which
the electrons are delocalized. In ethylene (C2H4) with two carbon atoms, the electrons in
the π bond are constrained to the region between the two carbon atoms. In conjugated
chains consist of more than two carbon atoms, the π electrons are delocalized over the
whole length of themolecule, which gives rise to charge carrier conducting properties in
these systems.

The bonding of atoms in conjugatedmolecules is described bymolecular orbital the-
ory, where linear combinations of the atomic orbitals is used to formmolecular orbitals
of bonding or anti-bonding character. In a bonding orbital with lower energy, the elec-
tron density is concentrated between two pairs of atoms, and therefore the atoms are
held together. In an anti-bonding orbital, the electrons are more localized in the atomic
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Figure 1.2: Transition from four isolated 2pz atomic orbitals of carbon atoms to four π molec-
ular orbitals of increasing energy for 1,3-butadiene (C4H6). The two bonding π orbitals in the
HOMO energy band are lower in energy than the atomic orbitals, while antibonding π* orbitals
in the LUMO energy band are higher in energy.

orbitals, resulting in nuclear repulsion and higher energy.
The interaction among several atoms results in a series of molecular orbitals which

get energetically closer as the number of atoms involved increases. As a result, bonding
states with amaximum energy corresponding to the highest occupiedmolecular orbital,
HOMO, and anti-bonding states with the lowest unoccupied molecular orbital, LUMO,
are formed (see Figure 1.2). The energy gap betweenHOMOand LUMO (Eg) determines
semiconducting properties and the ability to absorb light.[13–15]

1.2.1 Transport of charges in organic semiconductors

Charge transport in an organic semiconductor is controlled by intermolecular transfer
of an electron (hole) in the LUMO (HOMO) of a molecule or a conjugated chain, to the
empty LUMO (HOMO) of an adjacent site.[16]

The mobility of charges in disordered materials strongly depends on electric field,
following a Poole-Frenkel behaviour:[17–19]

µ = µ0 exp(γ
√
F ), (1.1)

where µ0 is the zero-field mobility, F denotes the electric field strength, and γ is a tem-
perature dependent parameter called field activation parameter. In conjugated organic
films, disorders, induced by conformational freedom, inevitable variation in conjuga-
tion length, chemical impurities, etc., cause variation in site energies.[20] In such sys-
tems, charge carriers are localized and charge transport therefore proceeds by hopping
from one site to another. For a downward hop, the excess energy is dissipated in the
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1.2. Organic semiconductors 5

form of phonons, while for an upward hop the energy is supplied by the absorption of
a phonon.[16] The energetic and spatial disorder in organic semiconductors limit the
intermolecular charge transport, which is characterized by a lower mobility of charge
carriers compared to inorganic semiconductors where charge transport occurs via band
transport mechanism.

Miller and Abrahamsmodeled the phonon assisted hopping rateWij as[21]

Wij = ν0 exp(−2γRij)

{
exp(− εj−εi

kBT
) εi < εj

1 εi ≥ εj
(1.2)

where ν0 is the attempt-to-jump frequency, Rij is the distance between the states i and
j, γ is the inverse localization length, εi and εj are site energies, kB is Boltzmann’s con-
stant, andT is temperature. The first exponential term represents the transfer rate due to
electronic coupling between adjacent sites, and is related to the degree of wavefunction
overlap between them. The second exponential term corresponds to the temperature
dependence of the phonon density.

One of the well-known models to describe hopping transport in disordered organic
systems was introduced by Bassler.[22] In his model, a gaussian distribution for varia-
tion in site energies was assumed, and a temperature and field dependent mobility was
proposed.[22] However, it was only at high electric fields that the model agreed with
the available experimental data.[23] The model was further improved by Gartstein and
Conwell, who could successfully describe the transport of charges in molecularly doped
polymers,[24] conjugatedpolymers,[25, 26] andotherorganic systems.[27]Thiswasdone
by adding the contribution of spatial correlations between site energies,[28] which re-
sulted in[24, 29]

µ = µ∞ exp

[(
3σ

5kBT

)2

+ 0.78

((
σ

kBT

) 3
2

− Γ

)√
qaF

σ

]
, (1.3)

where q is the elementary charge, a is the intersite spacing, σ is the standard deviation of
Gaussian distribution, and Γ is the positional disorder of transport sites.

1.2.2 Measuring the charge carrier mobility

A simple, reliable method to characterize the charge transport in organic semiconduct-
ing devices is space charge limited current (SCLC), with which the mobility of charge
carriers can be determined under steady state conditions.[30–34] The SCLC method is
based on probing injection currents to study insulators.[35] Upon injection of electrons
fromametal to an insulator, with anegligible density of free charge carriers, the electrons
flow in the conduction band of the insulator.[35] The presence of injected electrons, and
their space charge, limits the injection of further electrons. It is thus the space charge in
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the bulk of the semiconductor that limits the current flowing through it. The SCL current
density is written as

JSCL =
9

8
εµ

V 2
int
L3

, (1.4)

where ε is the dielectric constant of the material, Vint is the internal voltage drop across
the layer, and L is the thickness. Considering Equation 1.1, JSCL is approximated by

JSCL =
9

8
εµ0 exp(0.891γ

√
Vint
L

)
V 2
int
L3

. (1.5)

The internal voltage drop across the semiconducting layer is related to the applied
voltage Va by

Vint = Va − Vbi − VRs, (1.6)

where the built-in voltage Vbi is the internal potential drop in thermal equilibriumwhile
no external voltage is applied, and it arises from the difference in work function of the
electrodes. Vbi is determined as the voltage at which the current-voltage characteristic
becomes quadratic, where the device enters SCL regime. VRs is the voltage drop across
the series resistance of the semiconductor (typically 30-40Ω).

In order to extract the electron or hole mobility using SCLC measurements, a single
carrier device structure is required. The electrodes are chosen such that the work func-
tion of one electrode is close to the LUMO (HOMO) of the acceptor (donor) to inject elec-
trons (holes) into the semiconducting film, while the other electrode blocks injection of
holes (electrons).

1.3 Photovoltaic devices

A typical current-voltage (J − V ) curve of a solar cell is shown in Figure 1.3. Several pa-
rameters are used to characterize the performance of a solar cell, which are determined
from its J − V characteristic under illumination. The current, per unit area, that flows
in the external circuit when no voltage is applied to the solar cell is called short circuit
current density (JSC). The voltage at which no current flows in the circuit is open circuit
voltage (VOC). FF is the ratio between themaximumpower generated by a solar cell and
the product of JSC with VOC.

FF =
JMPPVMPP
JSCVOC

(1.7)

The power conversion efficiency (PCE) is calculated as the ratio between the maxi-
mum generated power of a solar cell and the incident light power (Pin). PCE is measured
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Figure 1.3: Typical current-voltage characteristic of a solar cell under illumination, showing the
JSC,VOC, andFF . Bluearea corresponds to themaximumpoweroutputof the solar cell (JMPPVMPP).

under standard test conditions, where the incident light irradiance is 1000 W/m2 for air
mass 1.5 1

PCE =
JSCVOCFF

Pin
(1.8)

1.4 Organic solar cells

An organic solar cell is a type of photovoltaic device that comprises an organic photoac-
tive layer and two electrodes. Many of the active layers consist of donor and acceptor
materials which can either be planar (single/multi-junction) or intermixed (bulk hetero-
junction).

The generation of photocurrent in an organic solar cell involves several steps as de-
picted in Figure 1.4. When the active layer absorbs light, an electron is excited from the
HOMO to the LUMO level of the absorber. In contrast to inorganic solar cells, where
free charge carriers are directly generated upon light absorption, in organic solar cells
a tightly bound electron-hole pair, called exciton, is formed. An exciton has a binding
energy of between 0.5 eV and 1 eV which is much higher than thermal energy at room
temperature (26meV).[37] Thismeans that an alternative dissociation process is needed
to separate electron and holes to extract a photocurrent and avoid exciton decay to its

1Air mass refers to the relative path length of the direct solar beam through the atmosphere. When the sun
is directly overhead, the path length is AM 1.0.[36] AM1.5 is the spectrum of sunlight after passing through 1.5
times the thickness of Earth’s atmosphere.
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Figure 1.4: Schematic of five physical processes in an organic solar cell at MPP. Upon absorption
of light an exciton is generated (1), which diffuses towards the donor-acceptor interface (2). At
the interface, the electron transfers to the acceptor molecule while the hole stays in the HOMO
of the donor, and a bound electron-hole pair (charge transfer state) may be formed (3), which is
followed by further dissociation and formation of free charge carriers (4). Free charge carriers are
then transported to the electrodes (5). The blue spheres represent an electron, the red spheres
represent a hole.

ground state, which typically takes place on nanosecond time scales.[38, 39] In most or-
ganic semiconductors, exciton diffusion length is limited to 10 nm.[40, 41] If an acceptor
material stays within the diffusion length of an exciton, and dissociation of the exciton
is energetically favorable, the electron transfers to the acceptor molecule while the hole
stays in the HOMO of the donor. In a single/multi junction organic solar cell with lay-
ered structure, diffusion of excitons limits the performance of donor/acceptor bilayer,
as only excitons that are generated close to the electron donor-acceptor interface con-
tribute to the free charge generation process. Effective exciton dissociation is provided
by a bulk heterojunction,[42, 43] where the initimate mixing of donor and acceptor fa-
cilitates charge transfer at the donor/acceptor interface and the generation of free chare
carriers before excitons decay. Free charge carriers are then transported to the electrodes
to be extracted.

1.4.1 Loss mechanisms

The free charge carriersmay undergo lossmechanisms, which limits the performance of
organic solar cells. The bimolecular recombination rate was first derived by Langevin for
ions inagas.[44]Hismodeldescribes recombinationdynamicsof twooppositely charged
ions in a large reservoir, where the reference frame is attached to theelectronand thepos-
itive charge ismoving. When the positive charge approaches below the coulomb capture
radius, where thermal energy equals coulomb binding energy, the charges can no longer
avoid recombination.

151421-Rahimichatri_BNW.indd   14151421-Rahimichatri_BNW.indd   14 04-05-2021   12:0404-05-2021   12:04
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The flux density of holes crossing the sphere with radius rc, while an electron is at the
center, is written as[44]

J = pvd = pµE = p(µn + µp)
q

4πεr2c
, (1.9)

where vd is the drift velocity of holes. The recombination current is the current density
flowing into the sphere of radious rc around the electron. The total recombination flux
can be written as

I = 4πr2cnJ = np(µn + µp)
q

ε
, (1.10)

where n and p are the number of electrons and holes present per unit volume. On the
other hand, under steady state conditions, the bimolecular recombination rate is de-
scribed by the equation[45]

r = βnp, (1.11)

where β is the recombination coefficient. By comparing Equations 1.10 and 1.11, the
Langevin recombination coefficient γL is written as[44]

γL =
q

ε
(µn + µp). (1.12)

In thermal equilibrium, the rateof recombinationequals the rateof generation. There-
fore, the equilibrium rate equation is:

R0 = G0 = βn0p0 = βn2
i . (1.13)

Under steady state conditions, the rate of recombination is given by Equation 1.11.
Therefore, the net recombination is obtained as

R = r −G0 = β(np− n2
i ). (1.14)

In bulk heterojunction solar cells, factors such as an inhomogeneous distribution of
charge carriersmay cause lower probability of the oposite charges finding eachother and
recombine.[46] Several studies have shown that depending on the active layer morphol-
ogy, the preparation conditions and the organicmaterials, a deviation from the Langevin
recombinationoccurswhichaddsanadditional term,γpre, to theLangevinexpression:[47–
50]

R = γpreγL(np− n2
i ) (1.15)

Most polymer:fullerene bulk heterojunction systems studied to date have a γpre be-
tween 0.01 and 1.[48, 50–55] There are some reports for P3HT:PCBMsolar cells showing a
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γpre as low as 10−3, [47, 56] and for polymer:nonfullerene bulk heterojunction solar cells
as low as 10−4. [57]

The presence of traps adds another recombination channel, which is described by
the Shockley-Read-Hall (SRH) equation: [58, 59]

RSRH =
CnCpNt

Cn(n+ n1) + Cp(p+ p1)
, (1.16)

where RSRH is the rate of trap-assisted recombination, Cn(p) is the capture coefficient of
electrons (holes), Nt is the density of charge traps, and n1 and p1 are parameters that
introduce the dependency of theRSRH on the trapping energy levelEt as

n1 = Nc exp(
Et − Ec
kBT

), (1.17)

and
p1 = Nv exp(

Ev − Et
kBT

). (1.18)

In equations 1.17 and 1.18,Nc andNv are the effective density of states in the conduc-
tion and valence bands, respectively, and Ec and Ev are the energies of the conduction
and valence bands.

Furtheremore, in a bulk heterojunction solar cell with ohmic contacts, the contacts
induce charges (electrons at the cathode, holes at the anode) in the semiconductor ad-
jacent the contacts.[60] Under operating conditions of a bulk heterojunction solar cell
(Va<VOC), these charges can also participate in recombinationprocesses close to the con-
tacts and limit the device performance. The part of the current at the electrodes that is
carried by the minority carriers is related to the density of minority charges as:[61, 62]

Jn(p) = qSn(p)[n(p)− n(p)eq] (1.19)

where Jn(p) is the electron (hole) current at the anode (cathode), Sn(p) is the surface re-
combination velocity, and n(p)eq is the equilibrium carrier density at the contact.

At open circuit, the current of the solar cell under illumination equals zero. Hence,
under this condition, the photogeneration of charge carriers is completely canceled by
recombination. This implies that the open-circuit voltage is limited by the amount of
recombination that is present in the device.[63] Therefore, a reduction in the recombi-
nation strength would, next to an increase in JSC and FF , lead to a higher VOC.

1.5 Doping in organic photovoltaics

A key property of an optoelectronic device is the transport of charge carriers through
a thin film. Minimizing losses due to a poor charge transport is therefore an effective
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Figure 1.5: Schematic of the doping process for p-type (left) and n-type (right) doping in organic
semiconductors. In n-type (p-type) doping, the dopant is a donor (acceptor).

way for producing high performance devices. In most applications, highly conductive
electron or hole charge transport layers are desirable, which is achieved by doping.[64–
67]

In inorganic semiconductors, doping involves substitution of an atom or addition of
an interstitial atom within the crystalline matrix. These impurity atoms introduce ex-
tra electrons or holes below the conduction band (n-type doping), or above the valence
band (p-type doping) of a semiconductor, which become free carriers by being thermally
ionized.[68] In organic semiconductors, n-type (p-type) doping is achieved by donation
(extraction) of electrons to (from) the LUMO (HOMO) state of the host material, which
requires sufficient energetic overlapof thehostmatrix anddopant to create free electrons
and holes (see Figure 1.5).[67, 69]

n-type or p-type doping have been widely used to control energy levels, and improve
charge transport and selectivity of electrodes inmany organic electronic devices, includ-
ing organic solar cells, organic light emitting diodes, organic memristors, organic ther-
moelectrics and hybrid organic-inorganic perovskite solar cells.[64, 70–81] n-type dop-
ing is more challenging than p-type doping due to the fact that the HOMO energy level
of the dopant is located above the LUMO level of the host material, which means n-type
dopants usually have low ionization potential and can rapidly oxidize in air.[67] Further-
more, the low doping efficiencies of n-doped solution processed organic films hasmade
developmentof organicn-dopingprogressivelymore important. Understanding the lim-
iting factors of conductivity in n-doped solution processed organic semiconductors is
still a topic of debate.
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1.5.1 Stability of doped organic films

Long-termstability is oneof the important factors determining theperformanceofmany
organic electronic devices. In such devices, maintaining high performance, mainly, un-
der application of bias voltage, thermal stress, and air is crucial. However, some organic
electronic devices suffer from being unstable. For instance, planar vacuum deposited
perovskite solar cells using doped organic charge transport layers for a better extraction
of charges, are less stable than those with undoped charge extraction layers.[82] There-
fore, investigatingways to improve stability of dopedorganic films is of great importance.

In contrast to doped inorganic semiconductors, dopants used for organic materials
are not usually covalently bonded to the host, and therefore strongly tend to diffuse.[83]
This causes the doped organic transport layers to be unstable under operating condi-
tions, i.e., under a bias voltage stress. n-doped organic films that are highly tolerant to
air oxidation can also offer cost beneficial fabrication of thin films.

1.6 Outline of this thesis

In spite of great progress in recent years, widespread application of organic photovoltaic
devices requires further improvement of efficiency and stability. Considering the mul-
tilayered structure of organic photovoltaic devices and the multiple parameters playing
role in limiting their performance, maintaining their efficiency over time is a complex
topic. This thesis aims at reducing losses in organic photovoltaic devices, first by quan-
tifying recombination losses, and next, by studying doped charge transport layers.

• In Chapter 2, by means of simulations and new experimental tools, the contribu-
tion of induced charges near the electrodes in recombination rates of organic solar
cells is studied. It is shown that in organic solar cells with very weak bimolecular
recombination strength (γpre lower than 10−3) induced charges can reduce device
performance.

• In Chapter 3, theFF of nonfullerene acceptor organic solar cells is connectedwith
transport properties and recombination of charge carriers using a simple experi-
mental tool, which is supportedbydrift-diffusion simulationsof organic solar cells,
published earlier.[84]

• In Chapter 4, we provide signatures of efficient and inefficient doping in n-doped
films of fullerene based hostmolecules, bymaking a distinction between presence
of single and double ionic species in the film.

• In Chapter 5, the focus is on finding those host material properties that can en-
hance the stability of organic electronic devices incorporating n-doped films of
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fullerene derivatives. It was revealed that, a fullerene derivative with short ethy-
lene glycol side chain, namely PDEG-1, offers stable doped organic semiconduct-
ing films under application of electrical and thermal stress.
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Chapter 2
Impact of electrodes on recombination in

solution processed organic solar cells

Summary

In this chapter, we study the impact of induced charges on the recombination in or-
ganic solar cells (OSCs). To this end, the net recombination lifetime of photogener-
ated charge carriers in the presence of electrodic induced charges (EICs) is measured
by means of conventional and newly developed transient photovoltage techniques.
Moreover, a new approach is introduced to exclusively measure the bulk recombi-
nation lifetime, i.e., in the absence of EICs; this approach is conducted by depositing
transparent insulating layers onboth sides of theOSCactive layer. We reveal that EICs
can only reduce the recombination lifetime of the photogenerated charges in OSCs
with veryweak recombination strength. This work supports that for OSCswith highly
reduced recombination strength, eliminating the recombination of photogenerated
charges and EICs is critical for achieving better performance.

151421-Rahimichatri_BNW.indd   27151421-Rahimichatri_BNW.indd   27 04-05-2021   12:0404-05-2021   12:04



2

22 2. Impact of electrodes on recombination in solution processed organic solar cells

2.1 Introduction

The best single junction organic photovoltaic devices have reached power conversion
efficiencies of more than 18%, [1] The voltage loss in solar cells is attributed to the re-
combination of photoinduced charges in the absorber bulk, which reaches itsmaximum
at open circuit. [2] Due to the smaller field in the device near open circuit, the extraction
of charges is muchmore difficult than at short circuit. This effect results in much higher
charge carrier densities and a large charge carrier loss due to recombination. Therefore,
reducing recombination losses is of great importance to achievehigher efficiencyorganic
solar cells. [3–5] The two pathways of recombination are the bulk recombination of pho-
togenerated charges and the recombination of photogenerated charges with electrodic
induced charges (EIC recombination). Bulk recombination of photogenerated opposite
charge carriers occurs in thebulk of the active layer. EIC recombinationmay significantly
impact device performance and reduce the net recombination lifetime. To approach this
problem, it is necessary to separate andmeasure the two pathways of recombination. As
mentioned in Chapter 1, the bimolecular recombination rate (R) in organic solar cells
can be described by the equation [3]

R = γ(np− n2
i ), (2.1)

with the charge carrier densities for the electrons n and holes p, the intrinsic charge car-
rier density ni, and the bimolecular recombination coefficient γ, which is given by the
modified Langevin equation [6]

γ = γpre
q

ε
(µn + µp), (2.2)

where γpre is the Langevin prefactor, q is the elementary charge, ε is the dielectric con-
stant, and µn and µp are the mobility of electrons and holes, respectively.

Several methods have been used to determine the charge carrier mean lifetime and
the recombination rate coefficient γ in solar cells by means of time-resolved techniques
such as transient photovoltage (TPV), [7–10] transient photocurrent (TPC), [8] charge
extraction (CE), [7–9] impedance spectroscopy (IS) [10] and time delayed collection field
(TDCF)methods. [11–13] An analyticalmodel to analyze recombination losses as a func-
tion of light intensity has also been introduced. [14] Furthermore, the role of recombina-
tion at the interfaces and contacts has beenwidely studied either theoretically or experi-
mentally byusingdifferent electrode structures, etc. [7, 12, 15–21]Manybulkheterojunc-
tion solar cells have improved from theuse of hole/electronblocking layers. Awide range
of explanations on their effect have been proposed, including preventing recombination
of minority carriers at the interface between active layer and electrode, enhancement
in charge carrier mobility, increasing the built-in voltage and therefore a better charge
collection efficiency, greater stability, enhanced blocking phenomena due to formation
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of surface dipoles at anode (cathode) interfacial layer and acceptor (donor), etc. [22–27]
On the other hand, it has been reported that the presence of charge-injecting contacts
reduces the forward photocurrent due to the EIC recombinaton. [19, 28] However, a con-
clusive study on the role of blocking layers in reducing EIC recombination is lacking in
the literature.

To this end, we need to separate the contributions due to bulk and EIC recombina-
tion. To the best of our knowledge, no straightforward experimental way has been uti-
lized to differentiate between the bulk recombination lifetime and net recombination
lifetime (bulk plus EIC recombination). Therefore, the measured bimolecular recombi-
nation lifetimes include both bulk and EIC recombination, making it impossible to ex-
clusively measure the bulk recombination lifetime of the photogenerated charges.

Our approach can be illustrated by considering that the free charge carrier densities
(n, p) can be written as a sum of the density of photogenerated charges plus the density
of dark-injected charges:

n = nph + nd (2.3)

for electrons, and,

p = pph + pd (2.4)

forholeswith thephotogeneratedelectronsnph, photogeneratedholespph, dark-injected
electrons nd, and dark-injected holes pd. Therefore, using eqution 2.1, the contribution
of electrodes to the measured recombination rate is as follows:

R = γ(nphpph + (nphpd + pphnd + ndpd − n2
i )). (2.5)

It has been shown that, in the theoretical determination of the bimolecular recombi-
nation coefficient, the omission of such injected charges could result in overestimation
of γ. [15]

In the work done in this chapter, we physically isolate the active layer from the elec-
trodes by depositing an Al2O3 transparent insulating layer on both sides. Therefore, nd
and pd are not present in the active layer and make no contribution to the measured re-
combination lifetime. Bulk recombination lifetime ismeasured from the exponential de-
cay of the displacement current density after discharging the photocapacitor by a small
reduction in light intensity. The value ofγ is thenmeasuredusing awell-defined formula,
the derivation of which will be explained in section 2.2.1. We determined a good match
between the measured values of γpre for blends of P3HT:[60]PCBM, PDPP5T:[60]PCBM,
and PTB7:[70]PCBMwith the previously reported values of γpre for these materials. [29]

We further employed conventional and a newly developed transient photovoltage
techniques, tomeasure thenet recombination lifetimeof thephotogenerated charge car-
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riers in the presence of injected charges. A detailed explanation of the basic principles
and working mechanisms of our method will be given in section 2.2.1.

EIC recombination results in a shorter net recombination lifetime than a bulk recom-
bination lifetime. Our simulation studies show that EICs reduce the recombination life-
time in solar cells with a γpre of less than 10−3. A shorter net recombination lifetime in
an active layer with a highly reduced γpre might be related to the accumulation of photo-
generatedminority charges near the electrodes, which potentiates the injection of more
opposite charges under illumination, leading to increased recombination near the elec-
trodes. Finally, we conclude that the positive role of blocking layers in reducing EIC re-
combination is limited to the systems with extremely low γpre.

2.2 Theoretical background

2.2.1 Measurement of the bulk recombination lifetime and recombi-
nation coefficient

To measure bulk recombination lifetime of photogenerated charges, a new contactless
technique was developed in which the active layer is sandwiched between two insulat-
ing layers. As shown in Figure 2.1, the blocked devices weremade with device configura-
tion of ITO/Al2O3 (40 nm)/active layer/Al2O3 (40 nm)/Al (100 nm). In the TRDC experi-
ment (transport and recombination via the displacement current), we aimed tomeasure
the recombination lifetime via a small perturbation in the intensity of incident light. We
started by placing the photocapacitor under steady-state illumination. At time zero, the
light intensitywas slightly reducedusing awave formof a step function, and the resulting
displacement current wasmeasured. As the light intensity was abruptly reduced, the ex-
cess charge carriers recombine until a steady-state is reached at this lower light intensity
(Figure 2.1). This recombinationmeans that the polarization of the capacitor is reduced,
and hence a displacement current flows.

A simple analytical expression for the displacement current can be obtained as fol-
lows. Figure 2.2 illustrates the TRDC setup and steps involved during the experiment. At
time zero, we have a steady-state situation with the generation rate G + ∆G. As this is
steady-state, generation and recombination cancel, and we have R + ∆R = G + ∆G,
where∆R is the recombination of excess carriers. As the light intensity is reduced to G
and after sufficient time, we again have G = R = γnp, where γ is the bimolecular re-
combination rate constant, and n and p are the electron and hole densities, respectively,
of photogenerated charges at steady-state. At time zero, the densities of electrons and
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Figure 2.1: Schematic illustration of the displacement current after reducing the light intensity. (a)
Vapp larger than Vbi results in a negative displacement current, and (b) Vapp smaller than Vbi results
in a positive displacement current.

Figure 2.2: (a) Schematic illustration of the TRDC setup, (b) operating process of the technique. At
time zero, the light intensity is slightly reduced, and the resulting displacement current is mea-
sured. As the light intensity is abruptly reduced, the excess charge carriers recombine until a
steady-state is reached at this lower light intensity.

holes are slightly larger (due to more light) and we have

R+∆R = γ(n+∆n)(p+∆p) (2.6)
≈ γ(np+ p∆n+ n∆p). (2.7)

As the second order term (∆n∆p) is smaller than the other terms, it can be neglected
in the expression of Equation 2.6. Thus, using Equation 2.6, we canwrite the decay of the
charge carrier densities as

d(n+∆n)

dt
=

d∆n

dt
= G− (R+∆R) = G− γ(np+ p∆n+ n∆p). (2.8)

In addition, as the electrons and holes are generated (and recombine) as a pair, the
electron and hole concentrations are equal, such as n = p and ∆n = ∆p. During the
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Figure 2.3:Numerical drift-diffusion simulation graph of the displacement current density versus
time at various applied voltages, showing an exponential decrease after the rise at early times by
the reduction of light intenstiy.

experiment, n and p are constant due to the illumination G. By writing G = R, the
electron and hole densities can be written as n = p =

√
G
γ . Therefore, Equation 2.8

becomes

d∆n

dt
= −τ−1

TRDC∆n, (2.9)

where the lifetime can be expressed as a function ofG and γ as follows:

τ−1
TRDC = 2

√
Gγ. (2.10)

As a result, the current can be written in the same way, as it is proportional to the
decay of the charge carriers:

J ∝ exp(−2
√

Gγt). (2.11)

Therefore, we can fit a simplemono-exponential function to the decay of the current
to measure the recombination rate coefficient γ. Note that the lifetime in Equation 2.9
doesnotdependon theappliedvoltage. A simulatedplot of displacement currentdensity
under varying applied voltages is shown in Figure 2.3.

Figure 2.1 shows the reason that the sign of displacement current density switches
at different voltages. The built-in voltage (Vbi) pushes photogenerated electrons to the
cathode side and holes to the anode side. When the applied voltage (Vapp) is larger than
(Vbi) in the device, the excess photogenerated electrons (holes) are pushed toward the
interface between the active layer and the Al2O3 blocking layer at the anode (cathode)
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side. Therefore, the displacement current density is negative (Figure 2.1.a). In contrast,
when Vapp is smaller than Vbi, the displacement current density switches to positive, as
the charges recombine in the opposite direction by applying the perturbation of light in-
tensity (Figure 2.1.b). The larger thedifference is betweenVapp andVbi, themore charging
of the capacitor, which causes a larger displacement current flow. At voltages very close
to Vbi, the fields more strongly compensate each other, and therefore a very low ampli-
tude displacement current density is observed. The recombination lifetime (τTRDC) is
measured by fitting the mono-exponential decay of the displacement current density at
a range of applied voltages of around Vbi (-2 V to 2 V). The use of Equation 2.10 allows the
recombination coefficient γ to be calculated.

2.2.2 Transient photovoltage measurements

To investigate the effect of induced charges on the recombination lifetime in studied so-
lar cells, two different techniques were used. The transient photovoltage decay lifetime
of the solar cells (TPV) was measured under a small perturbation of LED illumination
intensity. The high input impedance of the oscilloscope (1 MΩ) was used to provide an
open circuit condition under LED illumination. Note that there is a possibility that the
standard 1 MΩ input impedance of the oscilloscope is not large enough to provide an
open circuit, which causes a current flow in the circuit andmight have an impact on the
measurements. In the modified version of TPV (TPV2), first, the charge decay was mea-
sured by monitoring the displacement current density transients over a capacitor (C)
placed in series with the solar cell under a constant applied bias (V ) and a pulsed light
LED. The illumination condition is the same as in the TPV and TRDCmethods. Then, the
capacitor was varied. In the limit ofC → 0, the displacement current over the capacitor
is zero, which assures a perfect open circuit in which the net recombination lifetime of
the solar cells can be determined.

Schematic representations of TPV and TPV2 setup are shown in Figure 2.4. Next,
we define the requirements of TPV2 by providing a detailed explanation of the working
mechanism of the method. At time 0, when the device is under steady state condition,
the light intensity is reduced. Therefore, the application of a small perturbation of LED
light intensity causes a decrease in VOC. The potential across the series capacitor (VC )
equals

VC = V − VSC = V − VOC, (2.12)

where VSC is the potential across the solar cell. The applied voltage on the whole device
(V ) is kept constant. Therefore, the potential drop across the series capacitor (∆VC) al-
ways equals∆VOC:

∆VC = ∆V −∆VOC = −∆VOC. (2.13)
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Figure 2.4: Schematics of (a) TPV, and (b) TPV2 setup. In TPV2, a capacitor (C) is placed in series
with the solar cell under a constant applied bias (V) and a pulsed light LED.

Since the series capacitance stays constant, the potential drop due to the reduced
light intensity causes charging of the capacitor, which linearly increases with∆VOC:

∆QC = C∆VC = −C∆VOC. (2.14)

Based on Equation 2.14, the slope of ∆QC versus C equals ∆VOC (see Figure 2.10),
which is in goodagreementwith thedirectmeasurement ofVOC of the solar cells at higher
and lower intensities (see Table 2.2). Corresponding J − V curves are also shown in the
supporting information (see Figure 2.11).

2.2.3 Light intensity dependent measurements

Measuring the light intensity dependent bulk-only (using TRDC) and net recombination
lifetimes (using TPV, and TPV2) enables a better understanding of the influence of re-
combination with injected charges on the recombination lifetime. VOC is related to light
intensity by the following equation: [25, 26]

VOC =
nkT

q
ln(

JSC
JS

+ 1) (2.15)

where JS is the dark saturation current density, JSC is the light generated current density,
n is the ideality factor and k is the Boltzmann’s constant. For the condition in which
the light intensity decreases from high to low, we can calculate∆VOC using the following
equation:

∆VOC =
nkT

q
ln(

G+∆G

G
) (2.16)

where G + ∆G and G correspond to generation rates at higher and lower illumination
intensities, respectively. Therefore, using Equation 2.14, we have
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Figure 2.5: Comparison between TRDC lifetimes, acquired for (a) blocked P3HT:[60]PCBM, and
(b) blocked PDPP5T:[60]PCBM devices under ∼ 0.5 sun LED light intensity. The mean lifetime
is derived from the mean value of the time constants from fitted exponential decays of the dis-
placement current densities versus time at various voltages. As an example, TRDC lifetime data for
P3HT:[60]PCBM are shown in Figure 2.15.

∆QC = −C
nkT

q
ln(

G+∆G

G
). (2.17)

According to Equation 2.17, varying G while keeping the ratio (G+∆G)
G constant al-

lows∆QC to remain constant. This means that by integrating the displacement current
over the light perturbation time (5ms), the same number of photogenerated charge car-
riers recombine (see Figure 2.12). Here, G was varied by using optical filters. G is cal-
culated by G = JSC

q.d , where JSC is the short circuit current density of the solar cell un-
der steady-state LED illumination at a lower intensity, and d is the thickness of the ac-
tive layer. ReducingG causes an increased bulk recombination lifetime of excess photo-
generated charges measured by TRDC, whereas the rate of recombination with injected
charges does not depend on the light intensity.

2.3 Results and discussion

2.3.1 Bulk recombination lifetimeand the recombinationcoefficient

Figure 2.5 shows TRDCdata on blocked P3HT:[60]PCBMand PDPP5T:[60]PCBMdevices
under a light intensity of ∼ 0.5 sun. LED light intenstiy was estimated by the ratio of
the value of JSC of the device under LED illumination to the value of JSC at 1 sun. Com-
plementary TRDC data as a function of LED light intensity together with all TRDC data
for P3HT:[60]PCBM (260 nm) are provided in Figures 2.13 and 2.14. The applied volt-
age on the device varied between -2 V and 2 V, with steps of 0.2 V. For each light inten-
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Table 2.1: TRDC parameters under various generation rates G, measured for blocked devices of
P3HT:[60]PCBM and PDPP5T:[60]PCBM.

Material d [nm] G [m−3s−1] τTRDC [µs] γ [m3s−1] γpre

1.50× 1027 10± 2.3 1.6× 10−18 1.21× 10−3

P3HT:[60]PCBM 130 6.00× 1026 18± 3.8 1.4× 10−18 1.06× 10−3

1.50× 1026 38± 8.9 1.2× 10−18 9.00× 10−4

1.07× 1027 15± 3.4 1.1× 10−18 8.30× 10−4

P3HT:[60]PCBM 260 4.30× 1026 25± 5.5 9.7× 10−19 7.30× 10−4

1.10× 1026 102± 26 2.3× 10−19 1.70× 10−4

3.38× 1027 1± 0.2 2.3× 10−16 6.31× 10−2

PDPP5T:[60]PCBM 150 1.35× 1027 2± 0.4 1.8× 10−16 5.06× 10−2

3.30× 1026 7± 2.0 6.7× 10−17 1.85× 10−2

sity, the TRDCmean lifetime is derived by averaging themeasured lifetimes frommono-
exponential decay fits of the displacement current densities versus time within the volt-
age range of |Vapp| >1 V, which are due to obtaining small amplitude signals close to zero
for the conditions where the field in the device is almost compensated by the built-in
field (see Figure 2.3). At very low light intensities of approximately 0.05 sun, the average
τTRDC values have larger standard errors, as shown inTable 2.1, whichmight be the reason
for variations among the values of γpre of a single device under different light intensities.

Table 2.1 shows the TRDC parameters of blocked devices under the various gener-
ation rates G. According to Equation 2.10, the lifetime is inversely proportional to the
square root of the generation rate, while the recombination coefficient γ is constant.
Confirming our theory, the lifetime increases with decreasing intensity. Having the ex-
perimental τTRDC values, we derive the values of γ by using Equation 2.10, which are in
good agreement with the values of γ for these materials reported in the literature. [29]
Taking the charge carrier mobilities of the studied systems from the literature, [29] we
calculate the Langevin recombination prefactors (γpre). At very low light intensities of
approximately 0.05 sun, the average τTRDC values have larger standard errors, as shown
inTable 2.1, whichmight be the reason for variations among the values of (γpre) of a single
device under different light intensities.
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Figure 2.6: TPV transients as a function of light intensity for (a) P3HT:[60]PCBM (130 nm), and
(b) PDPP5T:[60]PCBM (150 nm) solar cells. The lifetime ismeasured by fitting the exponential VOC
decay after applying a small perturbation of light by reducing the LED light intensity.

2.3.2 Transient photovoltage measurements

To determine the impact of EIC recombination on the net recombination lifetime in or-
ganic solar cells, two methods of TPV and TPV2 were used, as described in 2.2.2. Fig-
ure 2.6 and Figure 2.7 show the recombination lifetimes of the studied solar cells un-
der different light intensities using these techniques. The TPV transients (Figure 2.6)
show an exponential VOC decay under an LED light perturbation. For each device,∆VOC
was kept constant while the amplitude of small perturbation was reduced using opti-
cal filters. TPV exhibits a∆VOC decay of ∼ 0.02 V for P3HT:[60]PCBM, and ∼0.005 V for
PDPP5T:[60]PCBM. These values are consistent with the values of∆VOC measured with
the J − V responses of the devices under steady-state conditions at higher and lower
light intensities separately (see Table 2.2). The difference among the values of∆VOC for
differentmaterials is due to different ideality factors, which is confirmedwith the smaller
slope ofVOC versus light intensity for PDPP5T:[60]PCBMcomparedwith P3HT:[60]PCBM
(Figure 2.16). At lower light intensities, the lifetime increases due to the photogeneration
of less excess charge in the active layer. PDPP5T:[60]PCBMexhibits a smaller recombina-
tion lifetime than P3HT:[60]PCBMunder the applied light intensities. Comparing Figure
2.6 andFigure 2.7, as expected, the recombination lifetimesmeasuredwith bothTPV and
TPV2 show almost the same values.

2.3.3 Discussion

In Figure 2.8, themeasuredmean recombination lifetimes using all the describedmeth-
ods under different light intensities are compared. For P3HT:[60]PCBM, the values of
τTRDC are slightly larger than τTPV and τTPV2. However, the ratio τTRDC

τTPV
is not considerably

higher than the one specifically at the highest light intensity. The PDPP5T:[60]PCBM
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Figure 2.7: Recombination lifetimes using TPV2measured at aC = 0 condition (τTPV2) under light
intensities of 0.05 sun (black symbols), 0.2 sun (blue symbols) and 0.5 sun (red symbols) for (a)
P3HT:[60]PCBM (130 nm) and (b) PDPP5T:[60]PCBM devices.

Figure 2.8: Comparison of the measured recombination lifetimes using different methods versus
the LED light intensity for (a) P3HT:[60]PCBM and (b) PDPP5T:[60]PCBM devices.

device shows equal lifetimes with the ratio τTRDC
τTPV

of one. The light intensity dependent
measurements of the P3HT:[60]PCBM device reveal that at the lowest light intensity (∼
0.05 sun) the difference between the bulk recombination lifetime (τTRDC) and the net re-
combination lifetime (τTPV, τTPV2) is more pronounced, since EIC recombination stays
constant with light intensity, whereas the bulk recombination lifetime increases with de-
creasing intensity. The corresponding data of the PTB7:[70]PCBM devices are shown
in Figure 2.17 and exhibit very similar recombination lifetimes with or without the in-
clusion of induced charges. Considering our measured γ and the literature values of
µn+µp for PTB7:[70]PCBMandPDPP5T:[60]PCBM, [27]we estimate γpre values of 1.04×
10−2 and 6.3 × 10−2, respectively, which are one order of magnitude larger than γpre of
P3HT:[60]PCBM (see Table 2.3).

In Figure 2.9, the ratio τTRDC
τTPV

is plotted versus γpre for the devices tested in this study
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Figure 2.9: Ratio of bulk recombination to net recombination lifetimes versus γpre under∼0.5 sun
light intensity. Experimental points are compared with the simulations.

and are compared with the simulated data for a wide range of γpre. The devices tested in
our study have a γpre between 10−3 and 10−1, which is close to that ofmost of the state of
the art of solar cells. Our results show that inmost of the current solar cells, the influence
of EICs is negligible. However, according to the simulation, the EICs begin to play a role
if bulk recombination is further suppressed.

In solar cellswithhighly reducedbulk recombination strength, the shorternet recom-
bination lifetime comparedwith the bulk recombination lifetimemight be due to the ac-
cumulation of photogenerated minority charges near the electrodes (electrons near the
anode or holes near the cathode), which enhances the injection of additional opposite
charges (holes from the anode or electrons from the cathode) under illumination, lead-
ing to increased recombination near the electrodes.[22]

Therefore, for most of the current state of the art organic solar cells, EICs do not con-
siderably reduce device performance. However, note that producing organic solar cells
with potentially lower γpre values than 10−3, could result in EICs facilitating an increase
in net recombination. Therefore, the use of proper blocking layers becomes very crucial
to further improve device performance.

2.4 Conclusions

In this chapter, a new technique was introduced to discriminate the bulk recombination
of charges fromEIC recombination by isolating the active layer from the electrodes using
insulating layers of Al2O3 on both sides of the active layer. Transient TRDC decays were
used to measure the bulk recombination lifetime of the photogenerated charge carriers.
The net recombination lifetimes in the presence of electrodes were also measured using
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TPV and newly developed TPV (TPV2) methods and compared with TRDC lifetimes for
decent polymer:fullerene solar cells. We found that in current state of the art organic so-
lar cells, recombination with induced charges is not significant, as bulk-only and net re-
combination lifetimes show the same values. Finally, comparing our experimental data
with simulations, the results show that EIC recombination reduces the recombination
lifetime for a system with a γpre lower than 10−3. Therefore, in solar cells with highly
reduced recombination strength, the use of proper blocking layers could suppress the
recombination of photogenerated charges with EICs. The tool introduced in this chap-
ter can be used to study the contribution of recombination with induced charges near
the electrodes in the net recombination lifetime of organic solar cells with very weak bi-
molecular recombination strength.

2.5 Experimental procedures

Device preparation: In this work, two different device structures were fabricated: a BHJ
solar cell andablockeddevice. The solar cellswere fabricatedusingpoly(3-hexylthiophen-
2,5-diyl) (P3HT, RiekeMetals Inc.) andPDPP5Tas the donor, andPCBM(purchased from
Solenne) as the acceptor. Structured indium tin oxide (ITO) was used as the substrate.
All substrates were cleaned with soap and water for 5 min followed by rinsing with di-
ionized water and, subsequently, a 10-min treatment in an ultrasonic bath of acetone
and isopropyl alcohol, separately. Finally, the substrates were spin dried and transferred
into an oven at 140 °C for 10min, followedby aUV-OZONE treatment for 20min. A 50 nm
poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS) was then spin
cast on the substrate, followed by 10 min oven drying at 140 °C to remove the residual
water.

To fabricate the P3HT:[60]PCBM solar cells (130 nm, 260 nm active layer), a solution
of a P3HT:[60]PCBM blend (1:1 by weight) in chloroform with a concentration of either
10 gL−1 or 25 gL−1 was spin-coated at 300 rpmor 1000 rpm for 50 s, yielding active layers
of approximately 260 nm and 130 nm thick. The active layer was then annealed at 140 °C
for 5min. Finally, LiF (1 nm) andAl (100 nm)were thermally evaporated through shadow
masks in a vacuum chamber at 10−6 mbar, defining an active area of 10 mm2.

For the PDPP5T:[60]PCBM solar cells, the blend was spin cast from a chloroform/
ortho-dichlorobenzene (5 vol%) solution in N2 atmosphere. After drying of the poly-
mer:fullerene film at room temperature, a cathode of LiF (1 nm) and Al (100 nm) was
thermally evaporated.

PTB7:[70]PCBM solar cells were fabricated by spin casting a solution of PTB7:[70]
PCBM(1:1.5byweight) in1,2-dichlorobenzene fromPTB7 (16gL−1) andPCBM(24gL−1).
The solution was spin-coated at 600 rpm for 120 s, yielding an active layer of approxi-
mately 85 nm. Finally, a cathode of LiF (1 nm) andAl (100 nm)was thermally evaporated.
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The blocked deviceswere prepared by electron beamevaporation of aluminumoxide
(Al2O3)(40 nm) on the cleaned ITO substrate. The evaporation rate was set to 0.5 Ås−1.
During the transfer to the electron beam evaporation system, the devices were exposed
to air (approximately 10min). Thereafter, the active layer was spin-coated asmentioned
above, followed by the evaporation of the top blocking layer of Al2O3 (40 nm) by electron
beam evaporation. Finally, aluminum (100 nm) was deposited as the top contact.

Measurements: Current-voltage characteristics of the solar cells were measured us-
ing a computer-controlled Keithley source meter in a N2 atmosphere. For the transient
experiments, the sample was illuminated with a biased white light LED with a rise/fall
time of <200 ns and a frequency of 100 Hz with a pulse width of 5 ms. The rise/fall time
of the LED was tested using a photodiode with a <2 ns rise/ fall time. Subsequent tran-
sient signals were acquired using a digital storage oscilloscope (Agilent DSO-X 3034A)
with a 350MHz bandwidth and an input resistance of 1MΩ. In the TRDC experiments, a
homemade circuit containing operational amplifiers and voltage switcheswas used. The
transients were recorded by varying either the applied voltage or LED light intensity.

Simulations: TRDC and TPV simulations were obtained using a home-written tran-
sient drift-diffusion program that has already shown its ability to reproduce accurately
the transient behavior of blended organic materials. [30] In this model, the blend is con-
sidered tobe aneffectivemediumwhere thehighest occupiedmolecular orbital (HOMO)
of the effective semiconductor is taken as the HOMO value of the donor, and the low-
est unoccupied molecular orbital (LUMO) of the effective semiconductor is taken as the
LUMO value of the acceptor. The model describes the flow of the charge carrier con-
sidering the gradient of charge carrier concentration, diffusion, and the electrical field,
drift, as driving force (for more details see ref [2, 31]). The model also takes into account
charge carrier recombination using a reduced Langevin law, as it has been shown to be
the dominant recombination process in state of the art organic solar cells. [6, 14, 32, 33]
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Appendix

2.A Supplementary data

Figure 2.10: ∆QC versus C for (a) P3HT:PCBM, and (b) PDPP5T:PCBM solar cells under a small
perturbation using a capacitor in series with the solar cell at I=0.5 sun. The slope S of∆QC versus
C equals∆VOC.

Figure2.11: Current-voltage curves of the solar cells under (a) steady-statewhite light illumination
of LED with≈ 0.5 sun illumination intensity, and (b) dark conditions.
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Table 2.2: Current-voltage parameters of the devices in this study under steady-state LED illumi-
nation at a lower intensity. ∆VOC is the decay of the open circuit voltage from a higher to a lower
intensity. Themaximum error value of eachmeasured voltage is 4mV. The generation rate under a
lower light intensity (G) is calculated byG=JSC

q.d
, where JSC is the short circuit current density of the

solar cell under steady-state LED illumination at a lower intensity (ILED,lower), and d is the thickness
of the active layer.

Active layer d ILED,lower G VOC ∆VOC JSC FF Efficiency
[nm] [sun] [m−3s−1] [V] [V] [Am−1] [%] [%]

P3HT:[60]PCBM 130 0.5 1.50× 1027 0.543 0.025 30.4 0.67 1.11
P3HT:[60]PCBM 260 0.48 1.07× 1027 0.566 0.022 44.6 0.65 1.67
PDPP5T:[60]PCBM 150 0.53 3.4× 1027 0.545 0.003 81.3 0.59 2.59

Figure 2.12: ∆QC obtained by the integration of the transient displacement current at different
generation rates. ∆QC is unvaried at different generation rates (G), while the ratio G+∆G

G
is kept

constant. C=2.2 nF was placed in series with the solar cell.

Table 2.3: Values of the charge carrier mobilities, recombination rate coefficient (γ), and γpre
for the studied active layers. P3HT:[60]PCBM has one order of magnitude smaller γpre than both
PDPP5T:[60]PCBM and PTB7:[70]PCBM.

Active layer µn µp µn + µp γ γpre
[m2Vs−1] [m2Vs−1] [m2Vs−1] [m3s−1]

P3HT:[60]PCBM 1.8× 10−7 4× 10−8 1.84× 10−7 1.6× 10−18 1.21× 10−3

PDPP5T:[60]PCBM 3.1× 10−7 2.9× 10−7 6× 10−7 2× 10−16 6.3× 10−2

PTB7:[70] PCBM 3.50× 10−8 3× 10−8 6.5× 10−8 4× 10−18 1.04× 10−2
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Figure 2.13: TRDC plots acquired for (a) and (b) blocked PDPP5T:[60]PCBM (150 nm), and (c)
and (d) blocked P3HT:[60]PCBM (130 nm) under illumination intensities of 0.2 sun and 0.05 sun,
respectively. Themean lifetime is derived from themean value of the time constants from thefitted
exponential decays of the displacement current densities versus time at various voltages.
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Figure 2.14: TRDC plots of blocked P3HT:[60]PCBM (260 nm) under LED illumination intensities
of (a) 0.05 sun, (b) 0.2 sun and (c) 0.5 sun. The mean lifetime is derived from the mean value of
the time constants from the fitted exponential decays of the displacement current densities versus
time at various voltages.
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Figure 2.15: TRDC lifetime data of blocked devices P3HT:[60]PCBM (130 nm) under light inten-
sities of (a) 0.5 Sun, (b) 0.2 Sun, and (c) 0.05 Sun. The intercept of the fitted lines (red lines) are
the mean lifetime values. The lifetime values correspond to the mean lifetimes obtained from the
applied voltages of |Vapp|>1 V.

Figure 2.16: The VOC of the studied solar cells as a function of light intensity. The ideality factor n
is determined from the slope of VOC versus ln I . n is 1.4 for P3HT:[60]PCBM devices, while that of
PDPP5T:[60]PCBM device is 0.95.
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Figure 2.17: TRDC plots of blocked PTB7:[70]PCBM under the LED illumination intensity of 0.65
sun. The mean lifetime is derived from the mean value of the time constants from fitted expo-
nential decays of the displacement current densities versus time at various voltages (red lines). (b)
TRDC lifetime data for PTB7:[70]PCBM. The intercept of the fitted line (red line) is the mean life-
time value. (c) TPV transients as a function of light intensity for the PTB7:[70]PCBM device. The
lifetime ismeasured by fitting the exponential VOC decay after applying a small perturbation by re-
ducing LED light intensity. (d) The lifetime measured with TPV2 for the PTB7:[70]PCBM solar cell
placed in series with various capacitors.
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Chapter 3
Non-fullerene organic solar cells:

Recombination versus extraction

Summary

In recent years, non-fullereneacceptororganic solar cells havedrawnattentionmostly
due to their high absorption, tunable energy levels, and high efficiency. However, still
a lot is to be understood about the physics of these solar cells. Earlier, our group has
shown that the overall influence of different material properties and device parame-
ters can be described by a single parameter θ. In this chapter, θ is shown to be directly
related to the ratio of the rate of recombination to that of extraction. We achieve this
bydirectmeasurements of the rates of recombination andextraction innon-fullerene
acceptor solar cells using ITIC as the acceptor, with varying active layer thicknesses,
light intensities, and interfacial layers. We provide a simple experimental tool for un-
derstanding how modification of different parameters can lead to further enhance-
ment of fill factor. The results support that the competition between charge extrac-
tionand recombinationdetermines thefill factor of non-fullerenebasedorganic solar
cells.
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3.1 Introduction

Theelectrondonorandacceptormaterials inorganic solar cells are selectedmainlybased
on a proper matching of their energy levels to allow for efficient charge transfer and to
obtain high VOC. [1–3] The fullerene based acceptor PCBM has been widely used with
polymer donors in bulk heterojunction organic solar cells. [3–9] One of the challenges in
further improving fullerene-based bulk heterojunction organic solar cells is that PCBM
easily crystallizes and aggregates, which affects long termperformance of the device and
hinders charge transport. [10–13] Furthermore, fullerene based acceptors are weak ab-
sorbers in the visible region (380–740 nm). [14] Introducing non-fullerene acceptors
has provided a new pathway to overcome the mentioned challenges. [15, 16] Due to
their great potential for band gap engineering, and thermal as well as long-term stabil-
ity, non-fullerene acceptor organic solar cells have gained great attention among organic
photovoltaic devices. [17–26] In a detailed study on photostability of fullerene and non-
fullerene acceptor ITIC based polymer solar cells in our group, it was found that despite
higher performance of ITIC based devices, their photostability is in fact lower than that
of PCBM based ones. [27] The observed photodegradation was attributed to the con-
siderable loss in fill factor (FF ) and changes in the mobilities upon light exposure. [27]
Therefore, in order to further improve the long term performance of these solar cells, re-
ducing FF loss is a crucial step. In another study of our group, it was shown that the the
interplay between recombination and extraction of charge carriers determines the FF

in OPV devices. [28]
While great enhancements in the performance and FF of non-fullerene acceptor

based organic solar cells have been achieved, [21–23, 29–38] there have been few re-
ports quantifying recombination and extraction in these devices . [18, 27, 29, 32, 39–45]
Gasparini and co-workers have attributed the high FF observed in P3HT:IDTBR solar
cells to the low Langevin recombination pre-factor. [29] Formation of large crystalline
domains in these devices has been proposed to give rise to an ultrafast charge transfer,
and hindered recombination due to large distance between photogenerated electrons
and holes. [29] In another work by Zhang and co-workers, it has been found that imbal-
anced transport and reduced electron mobility may not be limiting the performance of
ITIC based solar cells, as PBDB-T:ITIC devices have shown high performance while hav-
ing imbalanced mobilities. [39] In order to have a comprehensive understanding of the
device performance in non-fullerene acceptor based organic solar cells for further im-
provement of their long term stability, a universal tool to connect the FF with transport
properties and recombination of charges is essential.

This study ismotivatedbyour currentunderstandingof competitionbetween recom-
bination and extraction which determines the FF of organic solar cells, reported else-
where. [28] In this chapter, we determine the rates of recombination and extraction in
BHJ solar cells with ITIC as the non-fullerene acceptor. We find a relation between the
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ratio of recombination rate (krec) to extraction rate (kex) and FF in these solar cells. The
experimental data follow the same trend as the drift-diffusion simulated points, reported
earlier, [28] confirming that direct measurement of krec

kex
is a simple approach for linking

FF to the competition between recombination and extraction in non-fullerene accep-
tor organic solar cells. We show that the non-fullerene acceptor solar cells studied herein
follow the figure ofmerit for theFF presented by our group, [28] leaving room for further
developments in non-fullerene acceptor based organic solar cells.

3.2 Theoretical background

Neglecting space-charge effects, the extraction rate of electrons or holes kex is approxi-
mated as [46]

kex =
2µn,pVint

L2
(3.1)

with Vint being the internal voltage across the active layer, µn,p electron or hole mobility,
andL the active layer thickness. In the determination of the extraction rate, we consider
short-circuit conditions as charge transport at short-circuit is dominated by drift, and
therefore, charge extraction efficiency is close to its maximum. Vint is approximated by
the VOC at the corresponding light intensity. In Chapter 2, we showed that for a system
with a bimolecular recombination pre factor (γpre) larger than 10−3, electrodic induced
charge (EIC) recombination does not influence the recombination rate of charge carri-
ers. [47] Under this condition, the recombination rate close to OC, where the maximum
recombination occurs within the active layer, is written as [47]

krec = 2
√
Gγ, (3.2)

where γ is the recombination rate coefficient, andG is the generation rate. Dividing krec
by kex gives

krec
kex

= t =

√
GγL2

µn,pVint
. (3.3)

Bymeansofnumerical simulations, our grouphasdefineda singleparameter θ, which
includes both the contributions of recombination and extraction as [28]

θ =
γGL4

µnµpV 2
int
. (3.4)

Clearly, Equations 3.3 and 3.4 are related. By identifying µn,p with the geometrical
average of the steady statemobilities (µ =

√
µnµp), which governs the extraction in OPV
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Figure 3.1: Simulated FF versus θ, calculated by Bartesaghi et al. [28] Each point represents the
FF of a solar cell for which the J−V characteristic is calculated using a drift-diffusionmodel. For
each point, θ is calculated by Equation 3.4.

devices [48], we get
t =

√
θ. (3.5)

Previously, our group has shown that θ determines the fill factor of many different
solar cells. [28] In that work, J − V characteristics of organic solar cells were simulated
using wide range of parameters that represent a wide variety of BHJs under different op-
erating conditions. The parameters usedwere thickness, effective bandgap, electron and
hole mobility, recombination pre-factor, and the generation rate of free charge carriers
and the resulting values of θ span a range of 10−6 − 10−3 (using Equation 3.4) with fill
factors spanning from 0.25 to 0.87. Based on the simulations and confirmed by experi-
mental data, when θ is low enough (10−6),FF can reach its highest values. The resulting
plot of FF versus θ is depicted in Figure 3.1. Bartesaghi et al. interpreted θ as a measure
of the ratio between recombination and extraction of charges. [28] However, they did
not prove this experimentally. Equation 3.5 enables us to provide experimental evidence
that the fill factor is indeed governed by this ratio (t) by measuring the recombination
and extraction rates.

3.3 Results and discussion

As a means to verify the connection between FF and the ratio krec
kex

, the extraction and
recombination rates in ITIC based non-fullerene acceptor solar cells were directly mea-
sured. The molecular structure of ITIC is shown in Figure 3.2. We performed transient
experiments under varying active layer thicknesses, light intensities, cathode interfacial
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Figure 3.2: Chemical structure of the nonfullerene-acceptor molecule used in this chapter, ITIC.
[49]

Table 3.1: Active layer materials, interfacial layers, light intensities, and thicknesses used in this
study.

Donor:acceptor interfacial layer LED light intensity thickness
[sun] [nm]
0.5 130, 160, 250

LiF 0.2 160, 250
PBDB-T:ITIC 0.05 160, 250

Ca 0.5 130
PFN 0.5 130
w/o 0.5 130

PDCBT:ITIC LiF 0.5 100

layers, anddonormaterials. Thenon-fullerene acceptor solar cellswere fabricatedwith a
conventionaldevice structureof indiumtinoxide (ITO)/PEDOT:PSS/active layer/interfacial
layer/Al, where PBDB-T and PDCBT were used as donor materials, and Ca, LiF, and PFN
as interfacial layers. These data are summarized in Table 3.1.

In order tomeasure the recombination rate we performed TPVmeasurements under
open circuit (OC), using a small perturbation LED light intensity with a step function,
which causes exponential decay of VOC due to recombination of excess charge carriers.
[47] A high input impedance of the oscilloscope (1 MΩ) was used to provide OC. Figure
3.3 shows VOC decays of a PBDB-T:ITIC solar cell using LiF interfacial layer under LED
light intensities of around 0.5 sun, 0.2 sun and 0.05 sun. At lower LED light intensities the
recombination lifetime increases as less extra charge is present in the active layer when
applying the small perturbation.

The extraction rates weremeasured by performing a transient experiment. [48] First,
the device is under steady state condition at a higher light intensity. Then the light inten-
sity is slightly reduced, while the bias voltage is kept constant, which results in extraction
of the extra photogenerated charge carriers. Charge carrier extraction rate is calculated
by fitting a simple exponential fit to the decay of the current, carried out under different
applied voltages, [48] shown in Figure 3.4.

We have estimated the values of γpre for PBDB-T:ITIC and PDCBT:ITIC solar cells us-
ing the modified Langevin equation:
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Figure 3.3: TPV transients as a function of light intensity for PBDB-T:ITIC solar cell with LiF inter-
facial layer. Recombination lifetime ismeasured by fitting the exponentialVoc decay after applying
the small perturbation of light by reducing LED light intensity.

Figure 3.4: Experimental results for a PBDB-T:ITIC solar cell using LiF interfacial layer, showing (a)
extracted current under different applied voltages, (b) extraction rate, obtained by fitting a simple
exponential function to the decay of the extracted current.

γ = γpre
q

ε
(µn + µp), (3.6)

where q is the elementary charge, and ε is thedielectric constant. The recombination rate
coefficient γ ismeasured using Equation 3.2, with directlymeasured TPV recombination
rate krec, and generation rate calculated by G = JSC

qL . Considering the fairly balanced
mobilities of electrons and holes for the studied blends, [19, 41] it is assumed that µn +
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Figure 3.5: FF as a function of krec
kex

=
√
θ. The grey dots are simulated data as calculated by

[28]. Devices 1-4 correspond to PBDB-T:ITIC solar cells with varying interfacial layers, device 5 is
PDCBT:ITIC, devices 6-11arePBDB-T:ITIC solar cellswith various thicknesses and light intensities,
as shown in Table 3.2.

Table 3.2: Characteristics of all the studied devices, under LED illumination.

# Donor Interfacial d I krec kex
krec
kex

FF Voc Jsc µ γpre
material layer [nm] [sun] [µ s−1] [µ s−1] [%] [V] [Am−2] [m2V−1s−1]

1 PBDB-T LiF 130 0.5 0.38 5.05 0.076 0.58 0.86 73.6 9.3× 10−8 9.40× 10−3

2 PBDB-T Ca 130 0.5 0.38 5.05 0.076 0.60 0.85 75.0 8.1× 10−8 1.70× 10−2

3 PBDB-T PFN 130 0.5 0.62 4.67 0.134 0.55 0.78 73.1 8.5× 10−8 2.80× 10−2

4 PBDB-T - 130 0.5 0.40 3.15 0.127 0.57 0.67 71.8 4.7× 10−8 2.07× 10−2

5 PDCBT LiF 100 0.5 0.37 4.65 0.079 0.61 0.85 49.2 1.4× 10−7 6.54× 10−3

6 PBDB-T LiF 160 0.5 0.30 2.98 0.102 0.58 0.85 77.3 6.2× 10−8 1.03× 10−2

7 PBDB-T LiF 250 0.5 0.26 1.63 0.157 0.51 0.84 69.7 3.9× 10−8 2.03× 10−2

8 PBDB-T LiF 160 0.2 0.20 2.98 0.068 0.66 0.83 27.9 6.2× 10−8 1.30× 10−2

9 PBDB-T LiF 250 0.2 0.17 1.63 0.106 0.60 0.82 30.0 3.9× 10−8 2.13× 10−2

10 PBDB-T LiF 160 0.05 0.08 2.98 0.027 0.71 0.78 6.7 6.2× 10−8 8.50× 10−3

11 PBDB-T LiF 250 0.05 0.07 1.63 0.045 0.68 0.77 7.1 3.9× 10−8 1.62× 10−2

µp � 2µ, where µ is directly calculated from the extraction rate at open circuit, using the
formula [46]

kdiff = 8
µkbT

qL2
(3.7)

whereµ is the charge carriermobility, kb is theBoltzmann constant, andT is the absolute
temperature. It should be noted that at OC, the charge transport is diffusion limited. [48]

PBDB-T:ITIC devices with thicknesses of 130 nm, 160 nm and 250 nm (device num-
bers 1, 6 and7), using a LiF interfacial layer, are compared. At a constant light intensity, as
the device gets thick (250 nm), the recombination rate slightly reduces due toG getting
smaller, while the reduction of the extraction rate is more pronounced (Table 3.2). The
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stronger reductionofkex canbeunderstoodby comparing equation 3.1 and equation 3.2,
where the extraction rate varies with thickness to a larger extent than does the recombi-
nation rate. We should note that the 250 nmdevice has a slightly lowerVOC (see Table 3.2)
which may further reduce the extraction in this device. The overall picture of FF versus
measured krec

kex
values is plotted in Figure 3.5 (numbered symbols). As a consequence of

larger krec
kex

, the thickest device has a smaller FF .
Additionally, at a constant thickness, FF increases with decreasing light intensity

(see Table 3.2 and Figure 3.5, device numbers 7, 9 and 11), which is caused by a lower
recombination rate, while the extraction rate does not varywith light intensity (see Equa-
tion 3.1). It has been suggested that high FF s at low light intensity is indicative of trap-
assisted recombination. [50] However, considering Equation 3.2, the reduced recombi-
nation rate at lower light intensitiesmight be solely due to photogeneration of less excess
charge in the active layer at lower light intensity, and does not necessarily represent trap
assisted recombination as a dominate recombination process.

Further, kreckex
is varied by changing the interfacial layers of the non-fullerene acceptor

solar cells (devices 1, 2, 3 and 4). By inserting either Ca or LiF interfacial layers recombi-
nation rate stays almost the same as the reference device with no interfacial layer. This is
consistent with our previous study in Chapter 2, where we showed that in the solar cells
with γpre larger than 10−3, inserting an interfacial layer does not influence the recombi-
nation rate. [47] The reason is that in those solar cells (γpre > 10−3) the contribution of
electrodic induced charges in the measured recombination rate is negligible. Therefore,
the recombination rate corresponds to bulk recombination of photogenerated electrons
and holes, irrespective of the interfacial layer used. However, if the energy barrier of an
interfacial layer is toohigh for the electrons tobe extracted, the recombination ratemight
increase. As can be seen in Table 3.2, using PFN as an interfacial layer with high electron
extractionbarrier [51] causes 1.55 times larger recombination rate compared to the refer-
ence device with no interfacial layer. The increase of the recombination rate in this case
might be due to piling up of electrons near the PFN/active layer interface caused by the
large charge extraction barrier. [51]

Using PFN and either Ca or LiF, the extraction rate gets 1.48 and 1.6 times larger than
the reference cell with no interfacial layer (see Table 3.2). With the explanations men-
tioned above, the ratio of krec

kex
gets smaller when using Ca or LiF interfacial layer, leading

to a higher FF (Figure 3.5).
Finally, we compare the experimental data presented in Figure 3.5 with the data ob-

tained fromnumerical drift-diffusion simulations. [28] The experimental values of t (kreckex
)

in this chapter are in the range of 10−2 − 10−1, where a sharp decrease in the FF , both
in simulated and experimental data, is observed. As t gets larger, a plateau at low FF s is
expected. The simulated pattern clearly matches the experimental data of FF versus t,
verifying that it is the ratio krec

kex
which determines the FF in organic solar cells.

Having separately measured the rates of recombination and extraction, calculating
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the ratio krec
kex

, finding the relation between FF and krec
kex

and comparing it with the simu-
lated data, we proved that FF is governed by the ratio of krec

kex
. This direct proof was not

offered in [28], where sets of parameters were varied to investigate the behaviour of the
devices over a range of θ.

3.4 Conclusion

We have directly measured the rates of recombination and extraction of charges in non-
fullerene acceptor organic solar cells using ITIC, and found a negative correlation be-
tween FF and the ratio of the rates of recombination and extraction in these solar cells
(t). The results provide a clear understanding on how the extraction and recombination
vary with varying active layer thicknesses, light intensities, and interfacial layers. Our
demonstration of the relation between FF and t is supported by drift-diffusion simula-
tions of organic solar cells under various conditions, published earlier. [28] Theproposed
approach underlines the role of extraction and recombination rates in further enhance-
ment of FF , to obtain a better performance in non-fullerene acceptor solar cells.

3.5 Experimental procedures

Device fabrication: The solar cells were fabricated using poly[(2,6-(4,8-bis(5-(2-ethylhex-
yl) thiophen2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis (2-
ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)] (PBDBT)andpoly[(4,4′-bis(2-butyl
octoxycarbonyl-[2,2′-bithiophene]-5,5-diyl)-alt-(2,2′-bithiophene-5,5′-diyl)] (PDCBT)as
donor, and3,9-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′]dithiophe-ne (ITIC) as
acceptor (purchased from Solarmer Energy, Inc). Structured indium tin oxide (ITO) was
used as substrate. All substrates were cleaned with soap water for 5 minutes, followed
by rinsing with de-ionized water, and subsequently a 10 min treatment in an ultrasonic
bath in acetone and isopropyl alcohol, separately. Finally, the substrates were spin dried
and transferred into the oven at 140◦C for 10minutes, followed byUV-OZONE treatment
for 20 minutes. A 50 nm poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PE-
DOT:PSS) layer was then spin cast on the substrate, followed by 10 minutes oven drying
at 140◦C to remove the residual water. To fabricate PBDBT:ITIC solar cells a solution of
blend (1:1 by weight) in chlorobenzene with a concentration of 10 gL−1 was spin-coated
at 1000 rpm or 500 rpm for 50 s, yielding active layers of approximately 130 nm and 260
nm thick, respectively. The active layer was then annealed at 100◦C for 10 min. Finally,
an interfacial layer of either LiF (1 nm), Ca (10 nm), or PFN (5nm)was deposited followed
by Al (100 nm) evaporation through shadowmasks in a vacuum chamber at 10−6 mbar,
defining an active area of 10 mm2. For PDCBT:ITIC solar cell, the blend was spin cast
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from a chloroform solvent with a concentration of 10 gL−1, in N2 atmosphere. The sam-
ple was annealed for 10min at 160◦C. Finally, LiF (1 nm) and Al (100 nm) were thermally
evaporated.
Measurements: Current-voltage characteristics of the solar cells were measured using a
computer-controlled Keithley source meter in N2 atmosphere. For the transient experi-
ments, the samplewas illuminatedwithabiasedwhite light LEDwith rise/fall timeof and
frequency of 100Hz, with apulsewidth of 5ms. The rise/fall timeof LEDwas testedusing
aphotodiodewith< 200ns rise/fall time. Subsequent transient signalswere acquiredus-
ing a digital storage oscilloscope (Agilent DSO-X 3034A) with a 350 MHz bandwidth and
input resistance of 1 MΩ.
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Chapter 4
Movement of dopants under bias voltage:

identifying inefficient organic doping

Summary

Doping enhances the conductivity of organic semiconductors (OSCs). The efficiency
of doping is influenced by parameters such as host-dopant interaction, solvent, etc.
In this chapter, we provide a tool to make a distinction between efficient and ineffi-
cient doping, and show that the temporal response of the current under an applied
bias voltage can be used to identify inefficient doping in doped OSC devices.
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4.1 Introduction

Doping enhances the conductivity of organic semiconductors (OSCs) by increasing the
free charge carrier density and enables control of their electronic properties. [1–6] The
development of n-type doping is still challenging because of the relatively low conduc-
tivities of n-doped solution-processed organic semiconductors compared to their p-type
counterparts, caused by low doping efficiency.

Several factors are responsible for ineffective doping in OSCs. It is known that in ef-
ficiently doped OSCs, doping is the result of integer charge transfer between host and
dopant molecules, followed by the generation of free charges. [7]

In n-doped OSCs, a strong coulomb binding energy between host anion and dopant
cation limits free charge carrier generation. [2, 7] n-type doping efficiency also depends
on lewis basicity of dopant anion, as this governs the electron transfer between host
and dopant. It has been reported that in effectively doped fullerene derivatives with
tetrabutylammonium fluoride (TBAF) dopant, F− with highly basic character, strongly
binds to the host, forming an anion-π complex with a complete electron transfer char-
acter, leaving behind its counter-cation and a radical anion host molecule. [8–11] In
addition, a halo-substituted derivative of the conductive polymer benzodifurandione-
phenylenevinylene (ClBDPPV) n-doped with TBAF also undergoes a complete electron
transfer from F− anions to the π-electron-deficient conjugated backbone. [12] In con-
trast, I− with much less reactivity than F− shows less doping effect and a weak anion-π
interaction with organic host molecules. [10, 11]

Another parameter influencing the doping is the solvent, as a more polar solvent
can facilitate charge transfer between the host and the dopant, and stabilizes the ionic
species in solution. [10] A less polar solvent, on the other hand, may hinder the charge
transfer in the solution. In this case, it is suggested that the doping is triggered in solid-
state. [10] The host-dopant and solvent dependence of conductivity, forms a source of
complexity when trying to identify inefficient charge transfer between host and dopant
molecules.

Müller et al. have shown that the dopant ions can drift upon application of an electric
field, thereby de-doping part of the film, leading to a loss in conductivity. [13] The re-
versible drift of dopant ions was investigated using electrical measurements, optical mi-
croscopy, spatially resolved infrared spectroscopy, andscanningKelvinprobemicroscopy.
[13] Having said that, in this chapter we would like to answer the question: can we use
the time-evolution of conductivity upon application of a bias voltage to identify effi-
cient/inefficient electron transfer?

In this chapter, firstly, bymeans of simulations, wedifferentiate between efficient and
inefficient doping. In the case of an efficient n-doping, we have cations only, whereas an
inefficient doping leaves behind both dopant cations and anions. We identifymovement
of ions by studying the changes in the current over time when applying a bias voltage for
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an extended amount of time. The current-time behaviour under the applied bias voltage
is strongly influenced by themobile ionic species: if the anions aremoremobile than the
cations the current rises, while if the cations are mobile the current decays.

Secondly, we tested several doped devices using PTEG-1 host molecule and four dif-
ferentorganic salt n-dopants, namely, TBAF, tetrametylammoniumfluoride (TMAF), tetra-
butylammonium iodide (TBAI) and tetrabutylammonium tetrafluoroborate (TBABF4).
Using an organic salt as the n-dopant, the electron needs to be transferred between the
anion in the salt and the host molecule. We should note that in many doped OSCs with
ionic salts, including devices studied herein, giving certain explanations on the doping
processes needs detailed investigations on host-dopant interactions which is verymuch
case dependent. We are not certain whether in the doping processes involved herein,
only one of the ionic parts of the organic salt dopant (cation or anion) interacts with the
host molecule or both dopant cation and anion are involved in the charge transfer pro-
cess with the host. In the latter case, both n-type and p-type doping can co-exist and
compensate each other within the host-dopant mixture, resulting in a net n or p doped
material, governed by the more reactive species: if the electron donating ability of the
dopant anion to the host is stronger than electron accepting of the dopant cation from
the host, the net doping can still be n-type while both dopant cations and anions are
likely to co-exist in the device.

We found that highly conductive devices, namely PTEG-1:TBAF and PTEG-1:TMAF,
show a current decrease which is a signature of a good doping, where dopant cations are
mobile, with smaller cations leading to a faster decrease in the current. On the other
hand, weakly doped devices studied herein show a current rise under a bias voltage,
which is an evidence of the anions being more mobile. Finally, we show that the tem-
poral response of the current can be helpful to identify inefficient doping in doped OSC
devices. Furthermore, the work done in this chapter follows a state of the art pathway
studying stability of doped organic films under external electrical force, which is crucial
for optimization of organic-electronic devices. [13]

4.2 Numerical Case Study

Beforewe turn to the experiments, it is instructive to consider a triptychof idealized cases
of n-type doping:

• Case I: quantitative charge transfer;

• Case II: no charge transfer between host and dopant, leading to cations and anions
dispersed in the film. Anions are mobile;

• Case III: no charge transfer betweenhost anddopant, leading to cations andanions
dispersed in the film. Cations are mobile.
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Figure 4.1: Numerical simulations of the change in current upon the application of a bias voltage
stress for the three different cases of doping. The effect of a reduction of the mobility of dopant
ions is shown for Case I (dashed line).

We assume, for the sake of simplicity, that there are insolubility issues in the doping pro-
cess, in other words, all ionic species are assumed to disperse in the film. It should be
noted that in Case I–as indeed in Cases II and III–there are still ionic species in the film,
the counter ions.

We use a numerical drift-diffusion simulation program that solves the electronic and
ionic contributions to the conductivity in order to simulate how the drift of dopant ions
influences the conductivity behaviour of Cases I, II, and III.

Figure 4.1 shows how efficient charge transfer (Case I) yields a highly conductive film
and confirms that the current decreases over time consistent with the work by Muller et
al. [13] Initially, the conductivity is highdue to thepresenceof dopant cations. These ions
compensate the space charge of injected electrons. As a result, many electrons can be
injected and the current is high. As the space charge is compensated and the electric field
is constant, the current-voltage characteristic of such a uniformly doped film is linear,
which is also what is seen in typical experiments.

Upon the application of a bias voltage, the dopant ions start to drift and the con-
ductivity decreases. The rate of the loss of conductivity is, unsurprisingly, related to the
mobility of the dopant ions. As indicated by the dashed line in Fig. 4.1 the decay is slower
if the mobility of dopant ions is reduced.

Figure4.2 (a) showshowtheelectrondensity andcationdensityprofiles changewithin
the doped film. Upon the application of the bias voltage, the dopant cations drift to-
wards the injecting electrode, thereby de-doping the bulk of the film. As a result, the
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Figure 4.2: Simulated profiles of the electron, cation, and anion densities for Cases I, II, and III.
The arrows indicate how the density profile change from before to after the application of the bias
voltage stress.

negative charge of the electrons in the bulk of the film is no longer compensated, lead-
ing to a decrease in electron density and committent loss of conductivity. As the bulk
of the film is de-doped, the electric field across the film is no longer uniform (data not
shown). A macroscopic, measurable consequence of this is a qualitatively different be-
haviour of the current upon a fast sweep of the bias voltage. Figure 4.3 illustrates how a
fast current-voltage sweep changes from completely linear (before the application of a
long bias voltage) to a super-linear one after the application of a long bias voltage stress.
Such a non-linear current-voltage characteristic is a fingerprint of the non-uniformity of
the electric field in the film. One can thus use a quick current-voltage scan after the ap-
plication of a bias voltage stress to confirm that the loss of conductivity is not (only) due
to a loss of dopants or unfavourable chemical changes to the host material.

The response in Cases II and III is less obvious, see Figure 4.1 In either case, the ini-
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Figure 4.3: Simulated current-voltage characteristic corresponding to Case I before and after ap-
plication of bias voltage (the arrow indicates the change in current upon stressing the system).
Upon bias voltage stress, the current decreases and becomes super-linear (the dashed line has a
slope of 1), due to a build-up of net space charge in the film.

tial conductivity is low.1 These cases, corresponding to incomplete charge transfer, can
either show an increase or decrease of the conductivity over time, depending on which
ionic species (cations or anions) is the more mobile one. If anions are more mobile than
cations (Case II), then the more mobile anions drift towards the electrodes, leaving be-
hind the cations to effectively dope the bulk of the film. As a result, the electron density
increases and so does the conductivity (see Figure 4.2 (b)). Case III, on the other hand,
shows the opposite trend (see Figure 4.2 (c)): the more mobile cations drift to the elec-
trode, and the bulk of the film becomes p-doped. The electron density, consequently,
decreases as does the conductivity.

To summarize the numerical simulations results, we expect to see a high initial con-
ductivity if charge transfer is efficient (Case I), followed by a decreasing conductivity
upon bias voltage. One can verify that this decrease is not due to degradation of the
doped filmbut rather due to de-doping by checking the linearity of a fast current-voltage
scan soon after the application of the bias voltage. Inefficient charge transfer (Cases II
and III), however, shows up as amodest/low initial conductivity followed by either an in-
crease or decrease of the current depending on the relative mobility of the ionic species.

1The simulations shown were performed on relatively narrow electrode spacing (1µm) due to numerical
constraints. Additionally, it is assumed that cations and anions are distributed throughout the entire film. In
reality, it is likely that inefficient charge-transfer is accompanied by severe phase-separation of the host and
dopant. Both assumptions likely result in conductivities that are relatively high as compared to the experimen-
tal situation.
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Figure 4.4: Chemical structures of the host and dopant molecules used in this chapter.

Table 4.1: Conductivities of doped PTEG-1 molecules using various dopants. TBAF and TMAF
represent good n-dopants, whereas TBABF4 and TBAI are weak n-dopants.

Sample TBAF TMAF TBABF4 TBAI
Conductivity [S cm−1] 0.43 0.25 0.003 0.002

4.3 Experimental results

Müller and co-workers demonstrated that dopant ion movement can occur at the mod-
erate field strength of 1Vµm−1. [13] In our study, we use a fixed electric field of 2Vµm−1

as this is enough to move the ions, but small enough to ensure that the charge carrier
mobility is still in the regime where it is constant.

We used PTEG-1 as the host molecule and tested several doped OSC devices using
four different organic salt dopant molecules, containing alkyl ammonium cations and
various anions. The dopants used are TBAF, TMAF, TBAI and TBABF4, the structure of
which are shown inFigure 4.4. Dopantmolecule concentrations of all the deviceswere 20
mol%. PTEG-1 doped devices were fabricated on top of a n-doped silicon substrate with
230 nm thermally deposited oxide layer and lithographically patterned interdigitated Au
electrodes. Channel length, channel width and thickness of all the devices were 5µm,
10mm and 100 nm, respectively. Prior to the experiments, each device was annealed at
120 ◦C for an hour for enhancing the doping efficiency.

As shown in Table 4.1, TBAF and TMAF based devices show relatively high conduc-
tivities of 0.43 and 0.25 S cm−1 respectively. Considering the strong basisity of F−, the
high conductivities of TBAF and TMAF doped devices support that they undergo effi-
cient charge transfer, leaving behind the dopant counter-ions (cations), in accordance
with simulation case I. Themore cations present in the film, themore electrons injected,
giving rise to the current.
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Figure 4.5: Temporal response of the current in TBAF and TMAF doped devices under application
of 2Vµm−1 bias electric field.

Figure 4.6: Current- voltage characteristic of PTEG-1, n-dopedwith TBAF and TMAF, before (solid
lines) and after (dotted lines) application of long duration bias stress. The voltage sweep rate is
4Vs−1.

Upon the application of the long duration positive bias of 2Vµm−1 for∼3.5 hrs, the
current decays, which is a result of the drift of the dopant cations under the electrical
force of the bias and de-doping of the bulk of the film (Figure 4.5 and case I in Figure 4.2),
in accordance with the work of Müller et al. [13] The decay is faster in PTEG-1:TMAF
device which has smaller cations. This suggests that the TMA+ cations move faster than
TBA+ in the studied devices (comparing Figure 4.5 with case I in Figure 4.1).

The drift of TMA+ and TBA+ cations upon application of the bias stress causes non-
uniformity of the electric field across the device, which, as was predicted in Figure 4.3,
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Figure 4.7: Temporal response of the current in PTEG-1 doped with TBAI and TBABF4, under ap-
plication of 2Vµm−1 bias electric field.

Figure 4.8: Current-voltage characteristic of PTEG-1, n-doped with TBAI and TBABF4, a) before,
and b) after application of long duration bias voltage. The voltage sweep rate is 4Vs−1.

changes the current-voltage characteristic from linear (before the application of the bias
voltage) to super-linear (after the application of the bias voltage) (see Figure 4.6). There-
fore, Figure 4.6 confirms that the reduction of currentwith the bias voltage stress in TBAF
and TMAF doped devices is not the result of unwanted chemical changes within the film
or reducing the amount of the dopant ions in the film.

Negating the dopant ion movement under bias voltage can improve the long term
performance of doped organic films under working conditions and enhance stability of
the OSC devices. Reiser and co-workers have synthesized a new n-type dopantmolecule
which can create a covalent bondwith a large variety of organic hostmolecules. [14] The
blend of this molecule, AzBnO-DMBI, with PCBM host was activated by UV light and
generated highly reactive nitrenes to ultimately form covalent carbon-nitrogen bonds
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Figure4.9: Current-voltage characteristics of then-dopeddevices, 44days after applicationof long
duration bias voltage, in logarithmic and linear scale.

between PCBM and the dopant. [14] Nevertheless, in most of the doped organic films
with decent conductivities, dopant ions are not covalently bonded to the host which
causes ionic drift or diffusion. In our study, although presence of ethylene glycol (EG)
side chain in PTEG-1molecule enhances host/dopantmiscibility and therefore provides
a gooddoping effect, [15] the sizeof EGside chainmight influence thedegreesof freedom
of the ions within the host matrix and affect stability of the device, which is investigated
in Chapter 5.

TBABF4 and TBAI doped devices show a current rise upon application of the bias
stress (Figure 4.7), which is consistent with simulation case II in Figure 4.1 where the
anions are more mobile (see case II in Figure 4.2). The drift of the anions towards the
electrodes leads to further doping of the film and increasing of the conductivity. This
comes as no surprise, as TBA+ is much bigger than either I− and BF4−, with ionic radii
of 4.94 Å, 2.06 Å, and 2.32 Å, respectively. [16–18] The current rise is more pronounced in
the TBAI device, which can be a projection of its slightly smaller anions.

Again, as expected, as a result of the electric field becoming non-uniform after the
application of the bias voltage, I − V sweep in Figure 4.8 changes from linear to super-
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linear.
The second set of doped devices, namely, PTEG-1:TBABF4 and PTEG-1:TBAI, have

low conductivities of ∼ 0.003 S cm−1 and 0.002 S cm−1, respectively (Table 4.1), which
represents an incomplete charge transfer betweenhost anddopantmolecules and there-
fore a weak doping, where both cations and anions remain in the device. In this case, as
mentioned in Section 4.2, application of a bias voltage may lead to either an increase or
decrease of the current, which is determined by the faster moving ions.

Subsequently, all the doped devices were left in inert atmosphere for 44 days. In Fig-
ure 4.9, I − V response of the doped devices after this period is shown. By removing
the bias voltage and giving sufficient time, the ions appear to move back, as the current-
voltage curves of all the four devices get linear. In the case of TMAF the conductivity is
reduced by a factor of 10 (compare I−V of TMAF doped device in Figure 4.9 with that of
the same device before application of the bias voltage in Figure 4.6), showing that TMAF
is less stable.

4.4 Conclusions

In this chapter, by means of simulations and experiments, we investigated ionic move-
ment under applied bias voltage in doped OSC devices in the cases of effective and weak
n-doping. In the case of the effectively doped devices (PTEG-1 doped with either TBAF
or TMAF), where dopant cations are mobile, the smaller the cations, the faster decrease
in the current upon application of the bias stress. In the case of weak doping, where both
cations and anions exist in the film, depending on either dopant cations or anions being
more mobile, application of the bias voltage can cause decreasing or increasing of the
current.

Therefore, the temporal response of the current under an applied bias voltage can be
helpful to look into doping processes in different types of doped OSCs. Furthermore, we
canuse the current-voltage curve as ameans to check if thefield in thefilm is still uniform
after removal of the bias stress. The tool introduced in this chapter can be used to study
stability of organic-based semiconductor devices under working conditions (Chapter 5).

4.5 Experimental procedures

Materials: PTEG-1 was synthesized according to a previously reported procedure. [19]
TBAF, TMAF, TBAI, TBABF4 were purchased from Sigma Aldrich.

Device fabrication: 15×15mm2 n-doped silicon substrates coated with 230 nm SiO2

and patterned with 30 nm Au interdigitated electrodes were used as substrate. The sub-
strates were ultra-sonicated with acetone (3 times, each for 20 min) to remove the resist
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protection layer AZ7217, followed by iso-propanol ultra-sonication for 20 min. The sub-
strates were then dried with nitrogen gun and transferred into the oven at 140 ◦C, fol-
lowed by UV-ozone treatment for 20 min.
PTEG1 (> 99%) solutions (10mgml−1 in chloroform)weremixedwith different amounts
of dopant solution (5 mgml−1 in chloroform/ethanol) in nitrogen atmosphere to get 20
mol%doped solutions. The solutionswere spin-coated at 1000 rpm for 40 seconds, yield-
ing films of ∼100 nm). The devices were annealed at 120 ◦C for one hour, prior to I-V
measurements. Devices with channel width of 10 mm and channel length of 5µm were
used for all measurements.

Measurements: current-voltage and current- timemeasurements were conducted in
a probe station under nitrogen atmosphere, using a Keithley 2000 source meter.
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Chapter 5
Stability of doped fullerene derivatives: intro-

ducing a fullerene derivative with good stability
under electrical and thermal stress

Summary

In this chapter, we study the stability of the electrical conductivity of doped fullerene
derivative films using host molecules with different side chain lengths or polarities
and tetrabutylammonium fluoride (TBAF) as the dopant. The fullerene derivatives
with polar ethylene glycol (EG) side chains exhibit higher conductivity and better sta-
bility under thermal stress when doped than those with acetylene moieties in their
side chains or PCBM. By decreasing the length of the EG side chain, the stability of
the fullerene derivatives under the application of bias voltage was enhanced by an
order of magnitude.
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5.1 Introduction

Doping has been used extensively to increase the conductivity and improve charge col-
lection in a wide range of organic electronic devices, such as organic thermoelectrics,[1,
2] organic light emitting diodes (OLEDs),[3–5] organic field effect transistors (OFETs),[6,
7] and organic/hybrid photovoltaics.[8–14] The development of n-doped solution pro-
cessed organic films has been challenging, because of the low doping efficiency and the
small electron affinities of the materials, which result in poor air stability [15] and lower
conductivities, compared to their p-type counterparts. Since the long term operation of
electronic devices is influenced by the stability of all the components in the device, it
is important to ensure that the doped charge transport layers (both n-type and p-type)
also remain stable. However, maintaining the stability of the n-doped layers themselves,
is already a complex task, which becomes further complicated in working devices with
several layers and interfaces.

In general, three main factors determine the stability of doped organic layers under
operating conditions: stability under bias stress, stability under thermal stress, and sta-
bility in air. Air stability, in particular, has been a major challenge for n-doped organic
films because of the low ionization energy of n-type organic semiconductors.[15, 16] A
growing body of research has been devoted to improving the air stability of n-doped or-
ganic semiconductor films through various methods. For instance, organic molecules
have been encapsulated in carbon nanotubes which improved the stability in air.[17]
Incorporating reduced graphene oxide into PCBM electron transport layers (ETLs) has
also shown promise in planar inverted perovskite solar cells, allowing for an almost un-
changed open-circuit voltage after more than 100 h of continuous light soaking under
ambient conditions.[18] The high performance was attributed to an improved stabiliza-
tionof theETL/perovskite interfaceagainstphotodegradation.[18]Newair stablen-dopants
basedon1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (DMBI)derivativeshave
also been developed and used in charge transport layers of perovskite solar cells,[12]
OLEDs,[19] and organic thin film transistors (OTFTs).[20] Recently, novel organic n-type
semiconductors with a diradicaloid structure have shown to exhibit self doping effects
and high electrical conductivities (0.29 and 0.34 S cm-1).[21, 22] In proof of concept de-
vices, the conductivity of these single component n-typematerials showed a remarkable
stability after exposure to air for over 260 hours.[21] Furthermore, the addition of a nickel
chelate stabilizer into the active layer of organic photovoltaic devices can retard the short
circuit current loss in air by suppressing photooxidaton in the film.[23]

It has been shown by our group that fullerene derivatives with polar EG side chains,
have good miscibility with (polar) dopants and can show high molecular order in the
blend. This leads to improved stability in air and n-doping efficiency, compared to other
fullerene derivatives with alkyl side chains.[24–27]

Despite these examples of n-dopedfilms that show relative stability in air, fully air sta-
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ble films remain elusive. However, stability towards processing in the ambient is possibly
less demanding andmay provide a complementary route towards cost-effective fabrica-
tion of thin-films while maintaining device performance.

In addition to stability towards processing in ambient air, the stability of doped or-
ganic devices under electrical and thermal stress is of equal importance for many prac-
tical applications. However, there are only handful of reports to address this issue. For
example, Müller and co-workers have demonstrated reversible drift of dopant ions in
polymerfilmsuponapplicationof anelectrical field leading to the formationofde-doped
regions, which causes device destabilization.[28] In order to prevent dopant drift, Reiser
and co-workers reported amethod for in-situ generation of covalent bonds between the
host and the dopant molecules using UV illumination.[29] The study also revealed that
the formation of covalent bonds between the PCBM host and dopant makes the film
more thermally stable when approaching the desorption temperature of PCBM.[29] Li
and co-workers have shown that polar EG side chains in conjugated polymers can orient
around charged dopant molecules and thus improve stability under thermal stress.[30]

In this chapter, we investigate the stability of a variety of fullerene derivatives doped
with a fixed amount of the organic salt tetrabutylammoniumfluoride (TBAF) under elec-
trical and thermal stress. A series of fullerene derivatives with EG side chains of different
lengths are tested to find the relationship between the length of the polar side chain and
the stability of the doped films. Furthermore, we explore the stability of n-doped films
of fullerene derivatives with other side chains, e.g., including alkyne bonds. We find that
the fullerene derivative with a short EG polar side chain, PDEG-1, provides good electri-
cal conductivitywhich ismaintained under prolonged bias voltage andheat stress. Films
of this fullerene derivative can even be processed in ambient conditions without major
loss of performance, which is promising for the optimization of optoelectronic devices.

5.2 Results and discussion

We determined the influence of the fullerene derivative side chain on the stability of
n-doped films under bias voltage stress, thermal stress, and when spin-casting in air.
Two sets of n-doped devices were fabricated. In one set, consisting of PDEG-1, PTEG-1,
PTeEG-1, and PPEG-1, the EG side chain length of the host molecule is varied. The other
set consists of F2Mwith twoacetylenemoieties, F2Dwith twodiacetylenemoieties in the
side chains, PTEG-2 with two EG side chains, and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM). The chemical structures of themolecules studied are displayed in Fig. 5.1.

The host molecules were blended with 20 mol% of TBAF to allow for n-doping, fol-
lowedby spin-casting the solutionsonto ann-doped silicon substratewith a 230nmther-
mally deposited oxide layer and lithographically patterned interdigitated Au electrodes.
The channel lengths, channelwidths and thicknesses of all the deviceswere 5µm, 10mm
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Figure 5.1: Chemical structure of the host molecules used in this study.

and 40 nm, respectively. Prior to themeasurements, each device was annealed at 120 ◦C

for an hour.
In order to test the stability under bias voltage stress, wemonitored the changes in the

electrical current over time while applying a constant bias voltage. Several bias voltages
were tested, and finally the electric field was set to 6Vµm−1 to ensure a large enough
electrical force to overcome the Coulombic interactions within the film and causemove-
ment of the ionic species, i.e., the dopant ions.[28] The ionicmovement destabilizes part
of the film and causes a current decay over time.[28]

Fig. 5.2 displays the current decay over time of the doped fullerene derivatives with
varying lengths of ethylene glycol (EG) side chains under continuous bias stress. It ap-
pears that the fullerene derivatives with longer EG side chain or with double side chains
show faster current decay. A recent study indicates that the ionic dopant mainly resides
in the plane of the polar side chains.[1] Poly(ethylene glycol), poly(ethylene carbonate),
and poly(ethylene oxide) are materials known for ionic conduction.[31–35] It is likely
that the ionized dopant mainly drifts through the EG phase formed by interactions of
the polar side chains. As such, the longer EG side chains or double side chains are ex-
pected to form wider pathways, favoring the ionic transport. This explains the superior
stability of dopedPDEG-1 as it has the shortest side chain. (4-(1,3-dimethyl-2,3-dihydro-
1Hbenzoimidazol-2-yl)phenyl)dimethylamine (n-DMBI)doped fullerenederivatives also
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Figure 5.2: Influence of the length of EG side chains on the host molecules on the stability of elec-
trical conductivity under an applied bias stress of 6Vµm−1.

show a similar trend (Figure 5.3): PDEG-1 doped with n-DMBI offers a more stable elec-
trical conductivity upon application of a bias voltage stress, which further supports that
in n-doped fullerene derivatives under a bias voltage stress, the shorter EG chain causes
stabilization of the electrical conductivity.

Theelectrical conductivityof thedopedfilmswithnon-EGsidechains (Fig. 5.4), namely
F2M, F2D, and PCBM, is more stable over time under bias voltage stress than the series
with EG side chains shown in Fig. 5.2. The relative stability of F2D and F2M under bias
stressmaybe related to the improvedordering that these fullerenederivatives showupon
annealing.[36, 37] EG side chains, on the other hand, are known to increase ionic con-
ductivity as shown by Reddy and co-workers.[38] However, the electrical conductivities
of TBAF doped F2M and F2D, fabricated andmeasured under inert atmosphere, are two
orders of magnitude smaller than the conductivities of the series with EG chains, and
that of doped PCBM also being one order of magnitude smaller (Table 5.1).

Host/dopant miscibility is one of the key factors determining the doping efficiency
and conductivity of n-doped films, as the host and dopant molecules need to be spa-
tially close in order for charge transfer to occur.[24] AFM images of the films (Figure 5.12)
showclearphase separation in the caseofdopedF2M,F2D, andPCBM.This suggests that
poor solubility of the dopant (in the host) due to the less polar environment offered by
the host, accounts for the lower conductivities of doped F2M, F2D, and PCBMfilms com-
pared with those containing EG side chains. The poor miscibility may also contribute to
hindering ionmovement in the film under bias stress. Overall, considering that PDEG-1
has both decent stability under bias stress and good conductivity (0.126 S cm-1), we think
TBAF doped PDEG-1 is an attractive host/dopant combination.

To test the possibility of processing these n-doped organic semiconductors in air, we

151421-Rahimichatri_BNW.indd   83151421-Rahimichatri_BNW.indd   83 04-05-2021   12:0404-05-2021   12:04



5

78
5. Stability of doped fullerene derivatives: introducing a fullerene derivative with good

stability under electrical and thermal stress

Figure 5.3: Comparison of the stability of electrical conductivity in n-DMBI doped fullerene
derivatives with various lengths of EG side chains, under applied bias stress of 2Vµm−1.

Table 5.1: Electrical conductivities of n-doped fullerene derivatives spin-cast in nitrogen and air.
Upon air exposurewhile spin casting, the conductivity of dopedPDEG-1maintains 66%of its value
when spin-cast under nitrogen, which is the highest ratio among the studied devices.

Host material PDEG-1 PTEG-1 PTeEG-1 PPEG-1 PTEG-2 PCBM F2D F2M
σ1 [S/cm], spin cast in nitrogen 0.126 0.180 0.108 0.128 0.160 0.031 0.008 0.004
σ2 [S/cm], spin cast in air 0.080 0.063 0.039 0.066 0.044 0.008 0.003 0.0017
σ1/σ2 0.66 0.35 0.36 0.51 0.28 0.25 0.37 0.42

assessed the electrical conductivity of doped films that were spin-cast in ambient con-
ditions. After spin-casting, the measurements were still carried out under nitrogen. Ta-
ble 5.1 summarizes the results. Again, the fullerene derivatives bearing EG side chains
show higher electrical conductivities regardless of the processing environment. How-
ever, all doped fullerene derivatives show a decrease in the electrical conductivity when
processed in ambient conditions and there is no observable trend. An explanation for
the reduction of the conductivity is that n-type organics have low electron affinities and
may undergo oxidation when processed in air.[15]

Out of this series of fullerene derivatives, PDEG-1 has both the highest electrical con-
ductivity when processed in the ambient and the smallest drop in %; retaining 66% of its
electrical conductivity when compared to films spin-cast under nitrogen. This modest
decrease in conductivitymakesPDEG-1 themost suitedmaterial studied for spin-casting
in ambient conditions. The obtained conductivity of 0.08 S cm-1 is significantly higher
than, for example, the requiredminimum conductivity of charge transport layers in per-
ovskite solar cells.[39]

In order to investigate the stability of the devices under thermal stress, the doped
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Figure 5.4: A comparison of the stability of the electrical conductivity in n-doped fullerene deriva-
tives with less polar side chains of the host molecules (PCBM, F2M and F2D), under applied bias
stress of 6Vµm−1.

fullerene filmswere annealed at 120 ◦C in steps of 1 hour for up to 7 hours, and their con-
ductivities were measured at every step. In Fig. 5.5, the normalized conductivities of the
doped films are depicted against annealing time to provide a view of their stability under
thermal stress. Doped PTEG-2, PDEG-1, PTEG-1, PTeEG-1, and PPEG-1, the fullerene
derivatives containing EG side chains, show good thermal stability, while doped F2M,
F2D, and PCBM are less stable, with doped F2D being themost unstable film among the
whole series.

Togainmore insight into the thermal stability, differential scanningcalorimetry (DSC)
measurements were carried out on samples of the pristine host materials. The results
showed no distinct phase transitions in the temperature range -40 ◦C - 200 ◦C, which
suggests that the thermal stability of the host itself is not a factor (Figure 5.13). We note,
however, that although the melting point of the side chains may be a factor, it is difficult
to resolve subtle phase transitions in amorphous, small-molecules. It has been shown
that in doped films of conjugated polymers, interactions between polar side chains and
dopant ions stabilize the dopants under application of heat.[30] Furthermore, we have
similarly shown that ionizeddopantmolecules are stabilizedbyEGsidechains in fullerene
films.[27] With this in mind, in our AFM images (Figure 5.12), the films of F2D, PCBM,
and F2M showed phase separation due to less favorable dopant - side chain interac-
tions, whereas the films of host materials with EG side chains showed good solubility of
the dopant in the host. Considering the low melting temperature of TBAF itself (60 ◦C),
it could be that weaker interactions between host and dopant allow for melting which
may facilitate further phase separation in the film as well as possible evaporation of the
dopant from the film. Furthermore, it is known that the acetylene moieties in F2D and
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Figure 5.5: Stability of conductivity in n-doped fullerene derivatives under thermal stress.

F2M undergo cross-linking reactions at higher temperatures.[37] Although the temper-
atures needed to facilitate cross-linking are much higher than the temperature chosen
for annealing (Fig. 5.6), it could be that prolonged application of heat could trigger reac-
tions of the side chains, leading to a decrease in the current. This effect would be more
pronounced in the case of F2D, which has a lower cross-linking temperature. Also, the
endothermic peak in Fig. 5.6 occurs at a lower temperature for F2D (120 ◦C) than F2M
(245 ◦C), indicating that F2Dmay startmelting upon thermal annealing, whichmay also
increase phase separation in the film and further allows for possible evaporation of the
dopant from the film. Overall, doped films of PDEG-1, the host material with the short-
est EG side chain, showed good stability under application of bias voltage and thermal
stress.

It isworth tomention that, basedona studybyLiuandco-workers ondoped fullerene
derivatives, n-DMBI offers a more thermally stable electrical conductivity than TBAF
with fullerene derivative host molecules.[1] Therefore, in addition to achieving high lev-
els of stability using PDEG-1 as the host molecule, we think the combination of PDEG-1
with n-DMBI as ann-type dopantmight offer evenbetter stability of the conductivity un-
der bias stress, heat, and possibly under processing in air, which can be a topic of further
research.

5.3 Conclusions

In conclusion, we explored the impact of EG side chain length and polarity on the sta-
bility of n-doped organic films using different fullerene derivative host molecules, and
TBAF as the dopant. We found that short EG side chains enable better stability under the
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Figure 5.6: Differential scanning calorimetry (DSC) scans of pristine a) F2M, and b) F2D showing
the cross-linking temperature of the side chains. In the first heating/cooling cycle a large exother-
mic peak can be seen which is no longer present in the second cycle. This is indicative of an irre-
versible reaction, in this case involving the acetylene moieties in these materials.

application of bias voltage stress than longer ones. Furthermore, PDEG-1, with the short-
est EG chain, largely retained its conductivity upon spin-casting in the ambient. Doped
films using fullerene derivatives with EG side chains were also found to be more stable
under thermal stress, than those with non-EG side chains. This was attributed to stabi-
lization of the dopant ions in the filmby the EG side chains. However, doped films of F2D
and F2Mmay cross-link under thermal stress, whichmay add further to the instability of
the doped films under prolonged application of heat.

Our study revealed that the fullerene derivative with a short EG side chain, namely
PDEG-1, overall, offers more stable doped organic semiconducting films under applica-
tion of bias voltage, heat, and when spin casting in air. This work can be beneficial for a
wide range of organic electronic devices containing n-doped layers.

5.4 Experimental procedures

Materials: PTEG-1, PTEG-2, PPEG-1 and F2Dwere synthesized according to a previously
reported procedure.[27, 37, 40] The synthesis of PDEG-1, PTeEG-1 and F2M is described
in the supporting information. PCBM was purchased from Solenne B.V, and TBAF solu-
tion (1.0 M in tetrahydrofuran (THF)) was purchased from Sigma-Aldrich.

Device fabrication: 15×15mm2 n-doped silicon substrates coated with 230 nm SiO2

and patterned with 30 nm Au interdigitated electrodes were used as substrate. The sub-
strates were ultra-sonicated with acetone (3 times, each for 20 min) to remove the resist
protection layer AZ7217, followed by iso-propanol ultra-sonication for 20 min. The sub-
strates were then dried with nitrogen gun and transferred into the oven at 140 ◦C, fol-
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lowed by UV-ozone treatment for 20 min.
TBAF solution was mixed with chloroform to get 5 mg ml−1 dopant solution, followed
by stirring for 1-2minutes. Different amounts of dopant solution were then added to the
host solutions (5mgml−1 in chloroform) to get 20mol% doped solutions, and stirred on
the hotplate at 40 ◦C for 15 min. The solutions were then spin-cast at 1000 rpm for 40
seconds, yielding films of ∼40 nm. The devices were annealed at 120 ◦C for one hour,
prior to I-V measurements.

Characterization: current-voltage and current- time measurements were conducted
in a probe station under nitrogen atmosphere, using a Keithley 2000 source meter. The
characterization of the surfacemorphology was performed on a Bruker AFMmultimode
MMAFM-2. PeakForce tapping AFM was performed with a ScanAsyst-Air probe (reso-
nant frequency 70 kHz, spring constant 0.4 N m−1, Bruker) at a scan rate of 0.8 Hz and
800 samples per line. The data were analysed with Nanoscope Analysis 1.5 (provided by
Bruker). DSC measurements were carried out with a Q20 DSC module from TA instru-
ments. The sample was measured in powdered form in a Tzero aluminium pan. The
heating/cooling rate was 10◦C/min.
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Appendices

5.A Synthesis of the fullerene derivatives

[60]PCBMwaspurchased fromSolenneB.V. andusedwithout furtherpurification. PTEG-
1 and PTEG-2 [41], F2D[42] and PPEG-1[43] were synthesized according to previously
reported procedures. The synthesis of PDEG-1, PTeEG-1 and F2M is described below.
The NMR spectra were measured using an Oxford NMR AS400 or an Agilent Technolo-
gies 400/54 NMRmachine. IR measurements were done on a Thermo Scientific Nicolet
iS50 FT-IR. High-resolution mass spectrometry (HRMS) was performed with a Thermo
Scientific LTQ Orbitrap XL.

Figure 5.7: Synthetic route for fullerene derivatives PDEG-1 and PTeEG-1

Synthesis of tetraethylene glycol monoethyl ether 1:
Triethylene glycol (2.25 g, 15mmol) in 30mL of anhydrous THFwas added dropwise to a
suspension of NaH (60% dispersion inmineral oil) (0.78 g, 19.5 mmol) in 15mL of anhy-
drous THF at 0 ◦C. This mixture was stirred for a further 1 h at 0 ◦C, and then, a solution
of 2-ethoxyethyl 4-methylbenzenesulfonate (3.6 g, 15mmol) in 15mL of THFwas added
dropwise. Thismixturewas allowed towarmto rt for 1hand thenheated to reflux for 12h.
The reactionmixturewas cooled to rt andfiltered, andall volatilematerialswere removed
by rotary evaporation. The yellow oil was dissolved in toluene (25 mL), and the organic
layer was extracted with water. The aqueous layer was extracted with dichloromethane,
and the combined organic layer was dried with Na2SO4; the solvent was then removed
by rotary evaporation. The yellow oil obtained was purified by column chromatography
(silica gel, dichloromethane/ethyl acetate 3:1 to 1:1) to give the desired compound 1 as a
light yellow oil (2.4 g, 72%).1H NMR (400 MHz, Chloroform-d) δ 3.74 – 3.70 (m, 2H), 3.68
– 3.57 (m, 14H), 3.52 (q, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H).
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General procedure synthesis of compounds 2a and 2b:
Sodium hydroxide (0.16 g, 4 mmol) dissolved in water (1 mL) and the desired EGmono-
ether chain (2.7 mmol) dissolved in THF (2 mL) were placed in a three-necked, 25 mL
round-bottom flask. Themixture was cooled on an ice bath and p-toluenesulfonyl chlo-
ride (0.48 g, 2.6 mmol) in THF (3 mL) was added dropwise to the mixture. The solution
was stirred at 0 ◦C for an additional 3 h and then poured into ice-water (20 mL) and
extracted with ethyl acetate. The organic layer was washed with water and dried over
Na2SO4. The solvent was evaporated in vacuo. The crude product obtained was used
directly in the next step.

2-(2-methoxyethoxy)ethyl 4-methylbenzenesulfonate 2a:
Startingwith 30mmol diethylene glycolmonomethyl ether (6.95 g, 90.8%). 1H-NMR (400
MHz, CDCl3) δ 7.76 (d, J = 8.0, 2H), 7.31 (d, J = 8.0, 2H), 4.13 (t, J = 4.8, 2H), 3.65(t, J = 4.8,
2H), 3.55 3.53 (m, 2H), 3.45 - 3.43 (m, 2H), 3.31 (s, 3H), 2.41 (s, 3H).

2-(2-[2-(2-ethoxyethoxy)ethoxy]ethoxy)ethyl 4-methylbenzenesulfonate 2b:
Starting with 2.7 mmol of compound 1 (0.8g, 82%). 1H NMR (400 MHz, CDCl3) δ 7.79
(d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 4.18 – 4.12 (m, 2H), 3.70 – 3.66 (m, 2H), 3.65-
3.60 (m, 6H), 3.59 – 3.56 (m, 6H), 3.51 (q, J = 7.0Hz, 2H), 2.44 (s, 3H), 1.19 (t, J = 7.0Hz, 3H).

4-(2-(2-methoxyethoxy)ethoxy)benzaldehyde 3a:
A three-necked, 100 mL round-bottom flask was charged with p-hydroxybenzaldehyde
(440g, 3.63 mmol), 2-[2-methoxyethoxy]ethyl p-tosylate (1.17 g, 4.28 mmol), K2CO3 (800
mg, 5.8mmol) and dryDMF (15mL). The reactionmixturewas stirred overnight at 90 ◦C.
After cooling, the crude reaction mixture was poured into water (50 mL, pH = 2) in a 100
mL Erlenmeyer flask and the product was extracted with ethyl acetate. The organic layer
waswashed subsequentlywithwater (325mL)andbrine (125mL)anddriedoverNa2SO4.
The solvent was evaporated in vacuo to give compound 3a as a light yellow oil (800 mg,
3.3 mmol, 90.9%). 1HNMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 7.81 (d, J = 8.0, 2H), 7.01 (d,
J = 8.0, 2H), 4.21 (t, J =4.0, 2H), 3.87 (t, J = 4, 2H), 3.74 3.68 (m, 2H), 3.58 3.53 (m, 2H), 3.42
(s, 3H); 13C-NMR (100MHz, CDCl3) δ 190.74, 163.80, 131.92, 130.01, 114.84, 72.30, 70.83,
69.81, 67.71, 59.08.

4-[2-(2-[2-(2-ethoxyethoxy)ethoxy]ethoxy)ethoxy]benzaldehyde 3b:
A three-necked, 250 mL round-bottom flask was charged with p-hydroxybenzaldehyde
(0.24 g, 1.93mmol), 2b (0.8 g, 2.12mmol), K2CO3 (0.8 g, 5.8mmol) andDMF (10mL). The
reactionmixturewas stirred overnight at 90 ◦C. After cooling, the crude reactionmixture
was poured into water (100 mL, pH = 2) and extracted with ethyl acetate. The organic
layer was washed subsequently with water (3 x 25 mL) and brine (1 x 25 mL) and dried
over Na2SO4. The solvent was evaporated in vacuo. The resulting light yellow oil, 3b, was
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pure enough to be used directly in the next step (0.49 g, 78%). 1HNMR (400MHz, CDCl3)
δ 9.88 (s, 1H), 7.82 (d, J = 8.8 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 4.25–4.16 (m, 2H), 3.95–3.85
(m, 2H), 3.72 (d, J = 5.5 Hz, 2H), 3.65 (d, J = 8.1 Hz, 8H), 3.57 (s, 2H), 3.51 (q, J = 7.0 Hz,
2H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (100MHz, CDCl3) δ 193.4, 166.5, 134.6, 132.7, 117.5,
73.6, 73.3, 72.5, 72.1, 70.4, 69.3, 17.8; IR (KBr, cm-1): 3553, 2865, 1685, 1598, 1574, 1507,
1254, 1101, 1051, 829.

PDEG-1:
An oven-dried three-necked, 250 mL round-bottom flask was charged with C60 (720 mg,
1 mmol), 4-(2-(2 methoxyethoxy) ethoxy)benzaldehyde 3a (240 mg, 1 mmol), sarcosine
(270mg, 3mmol) and dry o-dichlorobenzene (100mL). The reactionmixture was stirred
under N2 at 90 ◦C for 72 h. The mixture was concentrated in vacuo to 15 mL, and the
crude residue was purified by column chromatography (silica gel; toluene/ethyl acetate
4:1) to afford the pure compound as a brown solid. The product was dissolved in 10 mL
of chloroform, precipitated with MeOH, washed repeatedly with MeOH (2 times) and
pentane (2 times), and dried in vacuo at 50 ◦C. This procedure gave 400 mg (0.41 mmol,
41%) of PDEG-1. 1H-NMR (400 MHz, CDCl3) δ 7.70 (s, 2H), 6.96 (d, J = 8.0, 2H), 4.97
(d, J = 12.0, 1H), 4.87 (s,1H), 4.23 (d, J = 12.0, 1H), 4.14 (t, J= 4.0, 2H), 3.85 (t, J= 4.0, 2H),
3.72-3.69 (m, 2H), 3.57-3.55 (m,2H), 3.37 (s, 3H), 2.78 (s, 3H); 13C-NMR (100MHz, CDCl3)
δ 158.80, 156.37, 154.10, 153.64, 153.61, 147.29, 147.27, 146.77,146.51, 146.32, 146.29,
146.24, 146.19, 146.13, 146.11, 146.07, 145.92, 145.90, 145.76, 145.53, 145.47,145.44, 145.31,
145.29, 145.25, 145.21, 145.13, 144.68, 144.62, 144.38, 143.12, 142.96, 142.65, 142.56,142.53,
142.52, 142.27, 142.24, 142.14, 142.10, 142.01, 141.94, 141.82, 141.66, 141.52, 140.13, 140.09,
139.88, 139.58, 136.75, 136.54, 135.77, 135.75, 130.41, 129.12, 114.67, 83.15, 77.20, 71.94,
70.75, 69.98, 69.77, 68.96, 67.33, 59.06, 39.97; IR (KBr, cm-1) 2846, 1609, 1509, 1312, 1259,
1225, 1174, 1128, 1103, 846, 600, 573, 551, 526; Mass m/z : Calculated for C74H21NO3:
971.2. Found: 971.8; Anal. Calculated for C74H21NO3: C, 91.45; H, 2.18; N, 1.44. Found:
C, 91.35; H, 2.11; N, 1.60.

PTeEG-1:
Anoven-dried three-necked, 250mLround-bottomflaskwas chargedwithC60 (1.08 g, 1.5
mmol), compound 3b (1.6 mmol), sarcosine (0.44 g, 4.9 mmol) and o-dichlorobenzene
(100 mL). The reaction mixture was stirred under N2 at 90 ◦C for 72 h. The mixture was
concentrated in vacuo to 15 mL, and the crude residue was purified by column chro-
matography (silica gel; toluene/ethyl acetate 4:1) toafford thepurecompoundasabrown
solid. The products were each redissolved in 7 mL of chlorobenzene, precipitated with
MeOH, washed repeatedly with MeOH and pentane, and dried in vacuo at 50 ◦C to give
purePTeEG-1 (36%). 1HNMR(400MHz, CDCl3) δ 7.69 (s, 2H), 6.96 (d, J = 8.4Hz, 2H), 4.93
(d, J = 31.7Hz, 2H), 4.25 (d, J = 8.5Hz, 1H), 4.17–4.09 (m, 2H), 3.91–3.77 (m, 2H), 3.73–3.55
(m, 12H), 3.50 (q, J = 7.0 Hz, 2H), 2.79 (s, 3H), 1.19 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz,
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CDCl3) δ 158.9, 157.9, 153.5, 147.3, 146.3, 146.2, 146.1, 146.0, 145.8, 145.5, 145.3, 145.2,
145.1, 144.7, 144.6, 144.4, 143.1, 143.0, 142.7, 142.6, 142.5, 142.2, 142.0, 141.9, 141.7, 141.5,
140.1, 140.0, 139.6, 136.9, 136.6, 135.8, 130.5, 114.7, 83.1, 70.8, 70.7, 70.6, 69.8, 69.7, 68.9,
67.3, 66.6, 40.0, 15.2; IR (KBr, cm-1): 2862, 2777, 2328, 1609, 1509, 1456, 1249, 1110, 1062,
927, 765; HRMS (ESI) calcd. for C79H32NO5[M+H]+: 1074.22750, found: 1074.22795.

Figure 5.8: Synthetic route for F2M

1-bromoundeca-4-yne 4:
A solution of n-BuLi in hexane (1.6 M, 9.5 mL, 15.1 mmol) was added dropwise to a so-
lution of 1-octyne (1.99 g, 18.1 mmol) in dry THF (20 mL) at -78°C over a period of 20
min and the mixture was stirred for 1h. After addition of DMPU (1,3-dimethyl-3,4,5,6-
tetrahydro-2-pyrimidinone) (1.8 mL), the resultingmixture was transferred to a solution
of 1,3-dibromopropane (3.0 g, 15.1 mmol) in dry THF (15mL) and the mixture was al-
lowed to warm to room temperature over 1h. After stirring for 20h saturated aqueous
solution of NH4Cl (30 mL, saturated aqueous solution) was added. The alkyne was ex-
tractedwith ether three times (3 x 40mL). The combined extractswerewashedwith brine
and dried over Na2SO4. The solvent was removed under reduced pressure. Purification
was achieved by column chromatography (silica gel; hexane/ethyl acetate 9:1) to give 4
as a colorless oil (69% , 2.4 g). 1H-NMR (400 MHz, CDCl3) δ 3.50-3.53 (t, J = 6 Hz, 2H),
2.30-2.35 (m, 2H), 2.15-2.11 (m, 2H),2.01-1.98 (m, 2H), 1.50-1.45 (m, 2H), 1.30-1.22 (m,
6H), 0.88 (t, J = 6.0 Hz, 3H).

3,5-bis(undeca-4-ynyloxy)benzaldehyde 5:
A three-necked, 50mLround-bottomflaskwaschargedwith3,5-dihydroxybenzaldehyde
(500 mg, 3.63 mmol), K2CO3 (1.6 g, 11.58 mmol), 1-bromoundec-4-yne (2.08g, 9 mmol)
and dryDMF (25mL). The reactionmixturewas stirred over night at 90 ◦C underN2. The
solution was cooled to room temperature, and water (15 mL) was added. The aqueous
solution was extracted with EtOAc (3 x 40mL). The combined organic phases were dried
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overMg2SO4, concentrated in vacuo, andpurifiedby columnchromatography (silica gel;
hexane/ethyl acetate 10:1) affording the product as an off-white solid (0.81 g, 51%).1H-
NMR (400 MHz, CDCl3) δ 9.88 (s, 1H), 6.99 (d, J = 3 Hz, 2H), 6.7 (t, J = 3 Hz, 1H), 4.10-
4.07 (t, J = 6 Hz, 4H), 2.37-2.34 (m, 4H), 2.15-2.11 (m, 4H), 1.97-1.94 (m, 4H), 1.48-1.34
(m, 4H),1.33-1.24 (m, 12H), 0.85 (t, J = 4.0 Hz, 6H); 13C-NMR (100 MHz, CDCl3) δ 191.88,
160.59, 138.32, 108.08, 107.65, 81.21, 78.59, 66.85, 31.33,29.00, 28.60, 28.53, 18.71, 15.41,
14.09, 14.02.

F2M:
An oven-dried three-necked, 250 mL round-bottom flask was charged with C60 (720 mg,
1 mmol), benzaldehyde 5 (438 mg, 1 mmol), sarcosine (270 mg, 3 mmol) and dry o-
dichlorobenzene (100 mL). The reaction mixture was stirred under N2 at 110 ◦C for 72
h. The solvent was evaporated in vacuo. The crude residue was resolved in CHCl3 and
passed through a chromatography column (silica; toluene) to afford the desired com-
pound as a brown solid. The product was redissolved in 7mLof chloroform, precipitated
with MeOH, washed repeatedly with MeOH and pentane, and dried in vacuo at 50 ◦C.
This procedure gave 600mg (0.50mmol, 50%) of F2M. 1H-NMR (400MHz, CDCl3) δ 6.99
(br s, 2H), 6.43 (s, 1H), 6.96 (d, J = 8 Hz, 1H), 4.82 (s,1H), 4.23 (d, J = 8 Hz, 1H), 4.07-
4.04 (m, 4 H), 2.82 (s, 3H), 2.33-2.29 (m, 4H), 2.13-2.09 (m, 4H),1.93-1.86 (m, 4H), 1.49-
1.41 (m, 4H), 1.36-1.23 (m, 12H), 0.87 (t, J = 8.0 Hz, 6H); 13C-NMR (100 MHz, CDCl3):
δ 160.13, 156.09, 154.08, 153.62, 153.44, 147.28, 147.01, 146.44,146.29, 146.23, 146.20,
146.13, 146.09, 146.06, 145.93, 145.92, 145.77, 145.53, 145.51, 145.46, 145.31,145.26, 145.22,
145.12, 144.67, 144.62, 144.35, 143.10, 142.94, 142.66, 142.55, 142.20, 142.18, 142.14,142.12,
142.10, 142.01, 141.99, 141.90, 141.79, 141.66, 141.58, 140.15, 140.09, 139.78, 139.61, 139.14,
136.60, 136.43, 135.75, 135.73, 101.99, 83.70, 81.08, 78.87, 76.96, 76.69, 69.96, 69.03, 66.69,
40.09, 31.37, 29.08, 28.64, 28.61, 22.59, 18.80, 15.51, 14.11; IR (KBr, cm-1) 2923, 2852, 2777,
2325, 2188, 1591, 1447, 1428, 1330, 1291, 1154, 1060, 849, 766, 689,597, 573, 552; Mass:
m/z calcd. for C91H47NO2: 1186.4, Found : 1187.0; Anal. Calcd. For C91H47NO2: C, 92.13;
H, 3.99; N, 1.18. Found : C, 92.32; H, 3.93; N, 1.33.
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5.B NMR spectra

Figure 5.9: 1H NMR (top) and 13C NMR (bottom) spectra of PDEG-1 in CDCl3
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Figure 5.10: 1H NMR (top) and 13C NMR (bottom) spectra of PTeEG-1 in CDCl3
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Figure 5.11: 1H NMR (top) and 13C NMR (bottom) spectra of fullerene derivative F2M in CDCl3

151421-Rahimichatri_BNW.indd   96151421-Rahimichatri_BNW.indd   96 04-05-2021   12:0404-05-2021   12:04



5

5.C. AFM images 91

5.C AFM images

Figure 5.12: AFM images showing the height profile across themeasured film area of a) F2D:TBAF,
b) F2M:TBAF, c) PCBM:TBAF, d) PTEG-2:TBAF, e) PDEG-1:TBAF, f) PTEG-1:TBAF, g) PTeEG-1:TBAF
and h) PPEG-1:TBAF films. Clear phase separation is seen in the films of doped F2M, F2D, and
PCBM.
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5.D Differential scanning calorimetry (DSC)

Figure 5.13: Differential scanning calorimetry (DSC) curves measured to find the melt-
ing/crystallisation temperatures for the various fullerene derivatives investigated in this study. The
measurements were carried out with a heating rate of 10 ◦C per minute and a cooling rate of 5 ◦C
perminute. Thefirst heating/cooling cycle, carried out to equilibrate the sample is not shownhere.
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5.E Electrical measurements

Figure 5.14: Current-voltage characteristics of PDEG-1, PTEG-1, and PTeEG-1 doped with n-
DMBI, before (solid lines) and after (dashed lines) the application of a long duration bias voltage
stress. n-DMBI doped PTeEG-1, which undergoes a substantial ionic drift under the bias voltage
stress, shows a super linear I-V curve after the removal of the bias, as discussed in chapter 4.
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Summary

In spite of great progress in recent years, widespread application of organic photovoltaic
devices requires further improvement of efficiency and stability. Considering the mul-
tilayered structure of organic photovoltaic devices and the multiple parameters playing
role in limiting their performance, maintaining their efficiency over time is a complex
topic. This thesis aims at reducing losses in organic photovoltaic devices, first by quan-
tifying recombination losses, and next, by studying doped charge transport layers.

In chapter 2, we study the impact of induced charges on the recombination in or-
ganic solar cells. To this end, the net recombination lifetime of photogenerated charge
carriers in the presence of electrodic induced charges (EICs) is measured by means of
conventional and newly developed transient photovoltage techniques. Moreover, a new
approach is introduced to exclusively measure the bulk recombination lifetime, i.e., in
the absence of EICs; this approach is conducted by depositing transparent insulating
layers on both sides of the organic semiconducting active layer. We reveal that EICs can
only reduce the recombination lifetime of the photogenerated charges in organic solar
cells with very weak recombination strength. This work supports that for organic so-
lar cells with highly reduced recombination strength, eliminating the recombination of
photogenerated charges and EICs is critical for achieving better performance.

In recent years, non-fullereneacceptororganic solar cells havedrawnattentionmostly
due to their high absorption, tunable energy levels, and high efficiency. However, still a
lot is to be understood about the physics of these solar cells. Earlier, our grouphas shown
that the overall influence of different material properties and device parameters can be
described by a single parameter θ. In chapter 3, θ is shown to be directly related to the
ratio of the rate of recombination to that of extraction. Weachieve this by directmeasure-
ments of the rates of recombination and extraction in non-fullerene acceptor solar cells
using ITIC as the acceptor, with varying active layer thicknesses, light intensities, and
interfacial layers. We provide a simple experimental tool for understanding howmodifi-
cation of different parameters can lead to further enhancement of fill factor. The results
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support that the competition between charge extraction and recombination determines
the fill factor of non-fullerene based organic solar cells.

Doping enhances the conductivity of organic semiconductors. The efficiency of dop-
ing is influenced by parameters such as host-dopant interaction, solvent, etc. In chapter
4, we provide a tool to make a distinction between efficient and inefficient doping, and
show that the temporal response of the current under an applied bias voltage canbeused
to identify inefficient doping in doped organic semiconducting devices.

In chapter 5, we study the stability of the electrical conductivity of doped fullerene
derivative films using host molecules with different side chain lengths or polarities and
tetrabutylammonium fluoride (TBAF) as the dopant. The fullerene derivatives with po-
lar ethylene glycol side chains exhibit higher conductivity andbetter stability under ther-
mal stress when doped than those with acetylenemoieties in their side chains or PCBM.
By decreasing the length of the ethylene glycol side chain, the stability of the fullerene
derivatives under the application of bias voltage was enhanced by an order of magni-
tude.
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Samenvatting

Ondanks de grote vooruitgang in de laatste jaren, vereist de grootschalige toepassing van
organische halfgeleidende materialen verdere verbetering van efficiëntie en stabiliteit.
Gezien het feit dat daadwerkelijke toepassingen vaak meerdere (organische) lagen ver-
eisen en dat vele parameters van invloed zijn op de prestaties van deze toepassingen,
is het behoud van prestatie over tijd een complex onderwerp. Dit proefschrift dient het
doel de verliezen in toepassingen van organische halfgeleiders te verminderen, allereerst
door recombinatieverliezen te kwantificeren en daarna door gedoteerde transport lagen
te bestuderen.

In hoofdstuk 2 bestuderen we de effecten die geïnduceerde ladingen hebben op re-
combinatie in organische zonnecellen. Te dien einde zijn de netto recombinatie levens-
duur van foto-gegenereerde ladingsdragers in de nabijheid van door de elektrodes geïn-
duceerde ladingen (EGLen) gemeten door middel van conventionele en nieuw ontwik-
kelde tijdsopgeloste fotovoltage technieken. Ookwordt er eennieuwemanier geïntrodu-
ceerd om de bulk recombinatie levensduur te meten, dat wil zeggen in afwezigheid van
EGLen. Dit wordt bewerkstelligd door het deponeren van transparante isolerende lagen
aanweerszijden van de organische actieve laag. Wij tonen aan dat EGLen de recombina-
tie levensduur van foto-gegenereerde ladingen alleen kunnen verkorten bij zeer zwakke
recombinatie. Hiermee laten wij zien dat bij zonnecellen met zwakke recombinatie, het
elimineren van EGLen van kritiek belang is voor het verbeteren van de prestatie.

De laatste jaren hebben fullereen-vrije zonnecellen veel aandacht gekregen vanwege
hun hoge absorptie, regelbare energieniveaus en hoge efficiëntie. Er is echter nog veel
onbekend over de fysica van deze zonnecellen. Eerder heeft onze groep laten zien dat de
verschillendemateriaaleigenschappen gevat kunnenworden in een enkele parameter, θ.
In hoofdstuk 3 laten we zien dat θ direct gerelateerd is aan de verhouding tussen recom-
binatie en extractie. Dit doen we doormiddel van directemetingen van de recombinatie
en extractie in fullereen-vrije zonnecellen met ITIC als acceptor, met variërende actieve
laag diktes, licht intensiteiten, en aangrenzende lagen. We beschrijven een simpele ex-
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perimentelemethode om te bepalen hoe verandering van verschillende parameters leidt
tot een verandering in de vulfactor. De resultaten onderschrijven dat de competitie tus-
sen extractie en recombinatie de vulfactor bepaalt in fullereen-vrije zonnecellen.

Doteren verbetert de geleidbaarheid in organische halfgeleiders. De efficiëntie van
dotering hangt af van parameters zoals Coulomb interactie met het resulterende vrije
elektron, en het oplosmiddel. In hoofdstuk 4 beschrijven wij een nieuwe methode om
onderscheid te maken tussen efficiënte en inefficiënte dotering. We laten zien dat de
tijdsafhankelijke respons van de stroom onder een aangelegde spanning gebruikt kan
worden om inefficiënte dotering in toepassingen van organische halfgeleiders aan tewij-
zen.

In hoofdstuk 5 bestuderen we de stabiliteit van de elektrische geleidbaarheid van ge-
doteerde lagen van fullereen derivaten met verschillende zijketens en polariteiten ge-
doteerd met tetrabutylammonium fluoride (TBAF). De fullereen derivaten met polaire
ethyleen glycol zijketens laten een hogere geleidbaarheid en betere stabiliteit zien onder
thermische stress dan wanneer ze gedoteerd zijn dan fullereen derivaten met acetyleen
groepen of PCBM.Door de lengte van de ethyleen glycol zijketens de verminderenwordt
de stabiliteit van de fullereen derivaten onder aangelegde spanning verbeterd met meer
dan een orde van grootte.
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