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CHAPTER 1
INTRODUCTION TO ORGANIC
PHOTOVOLTAICS

Transition from fossil fuels to renewable energy sources is of importance to reduce the
release of greenhouse gases and meet the world’s energy demand in the future. As the
sun is an abundant energy source, intensive research is ongoing to convert solar
radiation into electricity. Efforts in reducing the solar panel production costs and
increasing the efficiency of the devices has led to a plethora of solar cell configurations.
One of these are organic solar cells which benefit from their cheap and fast production
method. In this chapter the working principles, characterization techniques and
efficiency limits are discussed. To realize the commercialization of these thin-film
devices, this thesis focusses on green processing methods for organic solar cells that
can be transferred to a large-scale process.
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1.1 CLIMATE CHANGE AND SOLAR ENERGY
When people talk about the greenhouse effect it is usually in a negative connotation,
however, without global warming the temperature on Earth would be -18 °C and the earth
would be covered in ice.1,2 Natural gases in the atmosphere such as carbon dioxide (CO2)
and ozone (O3) prevent reflection of thermal radiation back to the universe increasing the
temperature to 15 °C. Increasing release of these gases along with other greenhouse gases
due to industrialization result in the enhanced greenhouse effect. According to the annual
CO2 concentration measurements by NASA presented in Figure 1, this greenhouse gas is the
main cause for the observed temperature increase reaching 1 °C.3 At first, this may not seem
significant, however, this measured temperature rise is a global average, meaning that at
some parts of the world the temperature rose by already 2 °C, for example at the North Pole.4
The temperature rise has led to extremes in weather and permanent decrease in Arctic ice
coverage resulting in a rise in sea levels and in floods.5 It is calculated that warming will
exceed 2 °C when no measures are taken to constrain the emission of greenhouse gases and
can go up to 4 °C when population and energy winning from fossil fuels grows. This will

Atmospheric CO2 concentration (ppm)
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cause severe and irreversible impacts.6

Year

Figure 1.1: Change in global surface temperature relative to 1951-1980 average temperatures (green
line) along with the measured annual CO2 concentration in the atmosphere in time (black line). Data
from NASA.4

On top of the climate problem, fossil fuels are not renewable, meaning that at some point
they will run out. For future prospective it is important that a transition is made from fossil
fuels to an environmentally friendly and renewable alternative. As solar radiation is an
abundant energy source on the whole planet it has a great potential. In a solar panel light is
absorbed and this energy is converted into electricity. This can be realized by many materials
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resulting in the development of a heterogeneous collection of different solar cells. These
devices can be divided into three categories based on their efficiency of energy conversion
and production costs. Currently, the photovoltaic (PV) market is dominated by first
generation solar cells such as multi-crystalline silicon and single-crystalline silicon cells with
a high power conversion efficiency (PCE) approaching 27%.7–9 Crystalline silicon solar cells
are made of purified “off-grade” silicon where the purification and crystallization require
high temperatures and are therefore energy consuming.10 Additionally, thick silicon layers
of 100 – 250 µm are essential to absorb all incoming light as silicon is actually a poor light
absorber. This makes the payback time of invested money relatively long of about 10 years.11
A less expensive alternative are amorphous silicon solar cells which, along with other
technologies like cadmium telluride (CdTe), gallium arsenide (GaAs) and copper indium
gallium selenide (CIGS) solar cells, belong to the second generation of solar cells, also
known as “thin-film PV”.12,13 Such types of solar cells are known for their low costs,
however, compared to the first generation solar cells, they have a somewhat lower PCE
(10.2%, 22.6% and 22.1% for amorphous Si, CIGS and CdTe respectively).7,14 An
exceptionally high performance for thin-film devices competing with the one of crystalline
silicon is obtained by GaAs solar cells with an efficiency of 28.8%.8,15 Due to the high
manufacturing costs of these devices their main application is in space.16 Most recent thinfilm technology is based on lead halide perovskites exhibiting a boost in performance up to
21% in a relatively short period of time.8 But as this is a lead containing material that is
deposited from toxic solvents, they are not yet attractive for large-scale fabrication. Third
generation solar cells are being developed to potentially overcome PCE limitations of first
and second generation devices defined by Schockley and Queisser (see section 1.3).2,17 This
can for example be achieved by placing up or down converters of the incoming solar energy
in front of the solar cell, using optical lenses to concentrate the sunlight or by stacking
multiple absorbing layers on top of each other in a multi-junction device.17 In the latter case,
absorption of the solar spectrum is divided over several layers depending on the wavelength.
Among its advantages is PCE improvement due to enhanced harvesting of solar energy over
a broad wavelength regime.18,19 This technique requires materials having a selective
absorption for a specific wavelength regime of the solar spectrum. This can be realized by
the use of conjugated polymers. Today, an extended library of organic semiconductors have
been developed with absorption ranging from the ultraviolet (UV) to the infrared (IR)
spectral region.20,21 Polymer solar cells can be processed from solution, enabling high
throughput production via printing processes like roll-to-roll coating or ink-jet printing. This
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makes them relatively cheap and attractive for large-scale production.22 Another virtue of
these solar cells is the ability to tune the color of the active layer and print them on flexible
substrates.23 Organic PV (OPV) represent a thin-film technology having a moderately good
performance, with PCEs exceeding 14% recently.24–28 Although this PCE does not compete
with silicon solar cells, OPV offers multiple benefits that makes them attractive for modernlife applications.23,29

1.2 WORKING PRINCIPLES OF ORGANIC SOLAR CELLS
a)

b)

Figure 1.2: State-of-the-art organic solar cell with ITO (tin doped indium oxide) and metal contacts,
hole and electron transport layers (HTL, ETL) sandwiching a bulk-heterojunction (BHJ) photoactive
layer (a). An example of a donor-acceptor BHJ photoactive layer is PTB7-Th with PC71BM of which
the chemical structures are shown (b).

An intrinsic difference between an organic active layer and for example silicon, is their
dielectric constant (𝜀𝑟 ).30 When an electron-hole pair is generated after light absorption in an
inorganic semiconductor (for example silicon), its high dielectric constant (𝜀𝑟 ≈ 12 for
silicon) and highly delocalized nature of the excited state facilitate easy separation of the
charge pair into free electrons and holes.31 However, organic materials typically exhibit a
low dielectric constant (𝜀𝑟 ≈ 3) and a more localized nature of the excited state resulting in
a high Coulomb interaction (approximately 0.4 eV) between generated charge carriers. This
leads to the generation of tightly bound electron-hole pairs (excitons) upon light absorption
in contrast to free charge generation in high dielectric constant materials. This binding
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energy is significantly greater than the thermal energy at room temperature (25 meV) and
therefore an additional driving force is required to create free charges. This driving force is
facilitated by mixing a second component into the organic active layer having a higher
electron affinity (𝜒). The two complementary organic semiconductors of an organic solar
cells are referred to as the electron donor (D) and the electron acceptor (A). Intimate mixing
of these donor and acceptor materials results in a bulk-heterojunction (BHJ) architecture
(Figure 1.2a). Today, highly efficient solar cells can be made by the donor polymer poly[4,8bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]

(PTB7-Th)

(also

32

known as PCE10 ) mixed with the acceptor PC71BM (Figure 1.2b). The backbone of the
polymer consists of an alternation of single and double bonds (π-conjugation). In such
structure, every carbon atom forms three sp2 orbitals from the hybridization of valence s, px
and py orbitals. The three sp2 hybrids each contain one electron to form three σ bonds to
adjacent atoms. The remaining valence electron of the carbon atom is shared in π-bonds via
overlap of the unhybridized valence pz orbital. In a polymer, there are many pz orbitals that
can overlap with each other in multiple ways, each having a distinct and different energy
depending on the phase overlap. These bands are either empty or filled resulting in a valence
band and conduction band, respectively, separated by a band gap (Eg). The band gap is
defined as the difference between the highest occupied molecular orbital (HOMO) of the
occupied valence band orbitals and the lowest unoccupied molecular orbital (LUMO) of the
empty conduction band orbitals.2 Figure 1.3 shows the operation principle of a BHJ solar
cell. Light with an energy Elight  Eg can be absorbed (1) resulting in the excitation of an
electron from the HOMO to the LUMO (2). The created charge pair is an exciton which can
diffuse towards the D:A interface (3), where the electron transfers to the acceptor due to its
higher electron affinity (4). Although the electron and hole reside on different molecules,
they are still Coulombically bound and an electric field is necessary to dissociate them. On
this stage, the carriers are in their charge transfer (CT) state having a distinct energy (ECT)
defined as the energy required to promote the D:A complex from its ground state to its
lowest-lying CT state. As illustrated in Figure 1.3b, the CT state is intermediate between the
excited state of the bulk material and the charge separated state where the polymer and
fullerene conduct the holes and electrons (5), respectively, towards the contacts for collection
(6).
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a)
b)

Figure 1.3: Energy diagram showing the transport (solid arrows) of generated holes (∘) and electrons
(•) after light absorption (a). The numbers indicate the processes described in the main text. The
electron affinities (𝜒) of the donor and acceptor and the workfunctions (𝑊) of the electrodes are
indicated. Formation of the CT state of a generated exciton that splits into free charges at the D:A
interface (b).

Due to the short intrinsic lifetime of the tightly bound excitons in organic materials, their
diffusion length is generally limited to ~10 nm.33 A non-optimal BHJ morphology can
therefore limit the PCE. While on the one hand, a large D:A interface is desired for efficient
dissociation of excitons, large, pure D and A domains facilitate efficient charge transport of
the free charges towards the electrodes. The ideal nanomorphology was found to be an
interpenetrating bicontinuous network of donor-rich and acceptor-rich domains with sizes
on the 20 – 40 nm length scale. Optimization of the BHJ morphology is discussed in section
1.4.
The PCE of a solar cell is determined by several parameters that summarize the efficiency
of charge generation and extraction:

PCE 

VOC JSC FF
Plight

where VOC is the open-circuit voltage [V], JSC is the short-circuit current density [mA/cm2],
FF is an abbreviation for fill factor and is a measure for the efficiency of charge extraction
and Plight is the power of the incoming light [mW/cm2].34 The incident power of the solar
spectrum is wavelength dependent (P(λ)) as is depicted in Figure 1.4a by the black curve.
When the wavelength dependent conversion efficiency of photons into electrons is known
for the device under operation, a precise value for JSC can be calculated by integration:
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The ratio between collected electrons at short-circuit and incoming photons is the external
quantum efficiency (EQE). As an example, the EQE of a silicon and polymer solar cell are
presented in Figure 1.4a. This measurement requires a monochromatic probe light which is
of low intensity compared to the irradiation of the sun. Therefore, the amount of charge
carriers in the device in both situations is not comparable resulting in different mechanisms
causing PCE losses (e.g. increased contribution of trap-states at low light intensity or reduced
mobility of charge carriers at high carrier densities). To increase the carrier density in the
device in the EQE measurement a bias light is used. The intensity of this light is adjusted
such that the carrier density in the solar cell is equal to 1 sun condition.35
1.8

1.0

1.6
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EQE PCE10:PC61BM

1.4

EQE Silicon

b)
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Figure 1.4: Spectral irradiance of the sun at AM1.5G36 condition along with the EQE of an organic
solar cell (open symbols in red) and silicon (closed symbols in red) (a). The FF and VOC are determined
by J–V measurements (b).

A less accurate way of determining JSC is by current-voltage measurements, where an
external voltage is varied across the device and the generated current is measured. Such
measurements are performed under simulated solar light, slightly deviating from the
AM1.5G spectrum. The JSC is the current density at zero applied bias as indicated in Figure
1.4b. A built-in field is present in the device caused by the difference in workfunction of the
two contacts as is schematically drawn in Figure 1.3. When the applied bias is increased
(positive to hole-collecting electrode and negative to the electron-collecting electrode) the
HOMO and LUMO levels will approach flat-band condition and the total current is zero
(Figure 1.5). The applied bias required to oppose the built-in field is the difference between
the workfunctions of the two electrodes. When the contacts are ohmic, the maximum VOC is

8|C h a p t e r

1

theoretically set by the HOMO-D – LUMO-A energy difference, or effective band gap. The
measured VOC depends on the light intensity and is determined by the distribution of energy
levels around the HOMO-D and LUMO-A levels. In the dark, i.e. under equilibrium, the
probability of finding a charge carrier at a specific energy level is given by the Fermi-Dirac
distribution function. Under illumination, quasi-Fermi energy levels for holes (EqFh) and
electrons (EqFe) define the energies where the probabilities of finding holes and electrons
equal ½.37 The splitting of the quasi-Fermi levels increases with the density of charge
carriers, and VOC is given by:
VOC 

1
( EqFe  EqFh )
q

where q is the elementary charge.38 The Shockley diode equation under illumination relates
the VOC to JSC via:
VOC 

nkbT
J
ln( SC  1)
q
J0

with n the ideality factor, kb the Boltzmann constant, T the absolute temperature, and J0 the
reverse saturation current. The ideality factor gives information on the dominant
recombination mechanism. When 𝑛 = 1, recombination is dominated by free charges via a
bimolecular mechanism, and when 𝑛 is closer to 2 localized trap states participate in the
recombination process.38

Figure 1.5: Energy diagram of a BHJ under VOC condition where EqFe and EqFh are the quasi-Fermi
energy levels for electrons and holes, respectively.
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The last term affecting the performance is the FF which can be regarded as how easily the
photogenerated charges can be collected as a result of the applied bias opposing the built-in
field of the device.39 In Figure 1.4b, a high FF is reflected in a square-like J–V curve and it
can be calculated as the ratio between the maximum power the device can generate and the
product of JSC and VOC20,40:
FF 

J MPPVMPP
JSCVOC

1.3 EFFICIENCY LIMIT OF ORGANIC SOLAR CELLS
For solar cells based on a single absorber layer there is a trade-off between efficient current
generation for low band gap semiconductors (resulting a high JSC and low VOC) and high VOC
for wide band gap materials (where JSC is low). In 1961 W. Schockley and H. Queisser
determined the maximum efficiency for single absorber solar cells under AM1.5 illumination
to be 33% with Eg = 1.34 eV using detailed balance.18,41 This relation is depicted in Figure
1.6. The Schockley and Queisser (SQ) approach describes a device in which:
(i)

All photons of hν ≥ Eg are absorbed while photons with hν < Eg are transmitted.

(ii)

The IQE is 100% due to perfect charge dissociation and collection.

(iii)

Radiative recombination is the only pathway for charge recombination.42

These assumptions approach the situation for crystalline inorganic semiconductor based
solar cells. Such materials have a high dielectric constant that leads to a low exciton binding
energy which can be overcome at room temperature. For organic solar cells, however, all
three assumption are difficult to be met. First, the CT energy (ECT) which determines the
effective bandgap is usually less than the optical bandgap of the blend (Eg,blend = min(EgD–
EgA)). Because direct absorption to the CT state is very weak, not all photons with hν ≥ ECT
are absorbed. Second, due to a slow exciton diffusion and high exciton binding energy, the
IQE is often less than unity.33,43 Nevertheless, in the best organic solar cells IQEs approach
one. Third, in bulk-heterojunction blends there is extensive non-radiative recombination.
Photoluminescence from the CT state is weak, because of its small transition probability and
non-radiative recombination pathways take over.
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Regarding the first requirement, charge dissociation at the D:A interface is facilitated by an
energy difference of the LUMO and HOMO levels, LUMO and HOMO as depicted in
Figure 1.5, to accommodate the Coulomb energy that must be invested to separate electrons
and holes. Many attempts have been made to carefully design the energy levels of the donor
and acceptor materials to minimize LUMO and HOMO and maximize VOC, while
maintaining high IQE. Minimizing LUMO and HOMO can be achieved by alternating
electron deficient and electron donating moieties in the donor polymer.24,44–47 Hybridization
of the molecular orbitals between the donor and acceptor components in the polymer (not to
be confused with the polymer and fullerene materials in a BHJ) results in a relatively higherlying HOMO and lower-lying LUMO.48 An example of an electron deficient acceptor moiety
is diketopyrrolopyrrole (DPP) which provides small band gap polymers when copolymerized with an electron rich donor moiety like oligothiophene.48,49 Recently, research
has been focused on the synthesis of new acceptor materials having a higher LUMO level
with respect to fullerenes. This could increase the VOC up to 1.3 V.50 For many years, research
has been focused on improving the efficiency of polymer:fullerene solar cells, however, the
limited structural tunability of fullerenes, high energy loss, and its weak absorption have
triggered the research into non-fullerene acceptors giving a boost in efficieny.31,51
As a consequence of the D:A interface, energetic losses may be incurred when the CT state
has an energy lower than the optical band gap of the blend semiconductors (Eg,blend).52 In
such case, the CT energy sets an upper limit for the VOC and empirically, VOC decreases
linearly with ECT.53,42 The energetic difference between ECT and Eg,blend is an intrinsic loss
factor for organic solar cells, but can be minimized as it has been shown that the excess
energy Eg,blend − ECT is not a necessary driving force for charge separation.54–56
When the CT state is formed, the charge pair can either split into free charges that are
collected or the electrons and holes can recombine radiatively or non-radiatively. Of course
bimolecular recombination of free electrons and holes can also occur. Because non-radiative
recombination is efficient in D-A blends, assumption (iii) of the SQ is generally not valid
for organic solar cells. Non-radiative recombination occurs by transgress of energy of a
charge carrier by emitting phonons (thermal heat) to the material. This processes occurs more
efficiently when there is a high density of trap states.37 Non-radiative recombination of the
CT state along with the effect of disorder on the energy of the quasi-Fermi levels (described
in Figure 1.5)57, the CT state binding energy and the relative low mobility of the carriers
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accounts for another 0.5 eV energy loss.38,42,58,59 Empirically VOC is found to satisfy the
relation:

qVOC  ECT  0.5 eV  Eg,blend  0.6 eV
Figure 1.6 shows that when the efficiency of non-radiative recombination increases, the
theoretical maximum PCE drops. This is mainly due to a loss in VOC, which is proportional
to (kbT/q)ln(EQEEL), where EQEEL is the radiative quantum yield.60 A radiative efficiency on
the order of 10-7 is common for organic solar cells, reducing VOC by ~0.4 V and limiting the
PCE to 15%. Benduhn and co-workers reported a maximum theoretical PCE of 25-26% for
a device having an EQE of 100% above the optical band gap, no electron transfer losses and
an optimal band gap. A more realistic performance for OPV would be limited to 19.5%
incorporating EQE and electron transfer losses. Furthermore, they show that non-radiative
recombination is an intrinsic limitation for OPVs due to the wave-function overlap between
the relaxed CT state and higher order vibrational modes of the ground state. It is suggest that
non-radiative recombination can be reduced by increasing ECT as a result of decreased wavefunction overlap.42. This is supported by the results obtained by Xie et al. who showed that
non-radiative recombination is reduced for the material combination PBDB-T:IT-M due to
its high ECT. In comparison to other acceptor materials, this blend showed the lowest LUMO
and highest electron mobility caused by a low energetic disorder and high domain purity.61
In agreement, Ndjawa et al. report a decreasing ECT upon crystallization of the rubrene phase
in a rubrene/C60 blend. Because the energetics of the donor and acceptor depend strongly on
their morphology in the blend, it can be expected that tuning their crystallinity alters ECT and
therefore VOC. However, it is suggested that the increased crystallinity of rubrene possibly
enhances the hole delocalization reducing the exciton binding energy (thus favors charge
separation) and therefore ECT is lowered. It is suggested that a locally disordered D:A
interface along with pure and crystalline domains will result in the highest ECT and
consequently VOC while maintaining good charge transport properties.59
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Figure 1.6: SQ limit for a solar cell with a cell temperature of 300 K illuminated by a black body (BB)
with a surface temperature of 6000 K (black curve) compared to the detailed balance limit for standard
solar cell test conditions (Tcell = 298.15 K, AM 1.5G) considering only radiative recombination (green
curve), non-radiative recombination that is 103 (red curve) and 106 (blue curve) times stronger than
radiative recombination (reprinted from ref. 62, Copyright (2016), with permission from Elsevier).

1.4 MORPHOLOGY OPTIMIZATION
One of the virtues of organic solar cells is the ability to process the layers of these devices
from solution. On lab-scale, spin coating is frequently used to form a film out of this solution;
a droplet is placed on a substrate that spreads due to spinning of the substrate. During
spreading the solvent evaporates and a solid film remains. For organic solar cells, the choice
of solvent system is decisive for the morphology formation and therefore crucial for the solar
cell performance. For example, it has been shown that changing the solubility of the polymer
in the co-solvent from good to poor results in decreased fiber width.63,64 The solubility can
either be tuned by the molecular weight of the polymer, where low molecular weight allows
better solubility, or by the choice of solvent system.65 Franeker et al. suggested that the lower
energetic activation barrier for nucleation with decreasing solubility of the polymer (by
increasing molecular weight and quality of the co-solvent) results in the formation of more
nuclei. The nuclei grow into fibers until depletion of the polymer material. Hence, more
nuclei at lower solubility result in smaller fiber size and increased donor/acceptor interface.63
Thermodynamics dictates that the degree of mixing is determined by minimization of the
free energy of the system. However, the rapid solidification of the layer results in a
thermodynamic metastable morphology which complicates predicting the resulting BHJ.66,67
The obtained morphology is a result of liquid-liquid or liquid-solid phase separation in which
the degree of demixing is a result of the Flory-Huggins interaction parameter (χ). A larger χ
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lowers the miscibility between the donor and acceptor and results in demixing. In the case
of poly(3-hexylthiophene) (P3HT) and PCBM a low χ is found contributing to the formation
of an intimately mixed phase in a certain concentration window.65 To facilitate charge
transport and collection at the contacts the active layer is thermally annealed to enable P3HT
crystallization and minimal diffusion of PCBM.34,68–70 Depending on the glass transition
temperature (Tg) of the materials in the BHJ the annealing temperature should be optimized.
Annealing above Tg can cause excessive coarsening of the domains hampering charge
discociation.68 Another effective technique to induce phase separation, also for P3HT:PCBM
blends, is solvent vapor annealing (SVA) where the active layer is exposed to solvent vapor
to enhance the crystallization process of the components.71 Li et al. showed that this is also
an effective method for the all polymer solar cell based on the polymer PTB7-Th mixed with
a polymeric naphthalene diimide based acceptor, where exposure to chlorobenzene vapor
allows crystallization of the acceptor polymer enhancing the morphology and hence
performance of the devices.72 Although post treatment is an effective way to improve the
morphology of the active layer for many material combinations, it extends the production
procedure. This can be circumvented by the addition of a co-solvent to the solution.73 Only
a slight amount (1 vol.%) of co-solvent can be significant for the BHJ morphology.74,26 A
frequent used co-solvent for low band gap polymers is the high boiling point component 1,8diiodooctane (DIO) (bp = 332.5 °C64).75–79 PCPDTBT is an example of an amorphous low
band gap polymer which forms a tightly mixed morphology with PCBM when spin coated
from chlorobenzene. When a small amount of DIO is added PCBM is selectively dissolved.
Upon spin coating chlorobenzene will evaporate first, increasing the DIO content, resulting
in the aggregation of the polymer. Further evaporation of the processing solvent initiates the
crystallization of PCBM in between the polymer fibers.76 The morphology formation in this
case is a result of liquid-solid demixing.
It is also possible that the polymer and PCBM are not compatible with each other and form
a phase separated morphology upon solvent evaporation due to spinodal liquid-liquid
decomposition. Upon spin coating the solvent evaporates and the mixture goes from a mixed
state into the spinodal decomposition regime where liquid-liquid phase separation occurs.
Due to the rapid solidification of the morphology, the system is not mobile enough to allow
the formation of thermodynamically stable phases causing a metastable morphology. Phase
separation of the quenched blend can be activated by thermal or solvent vapor annealing.
Depending on the drying rate, the purity and size (pending on Ostwald ripening) of the
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domains is altered. Spinodal decomposition occurs for many DPP polymers of which
PDPP5T is a clear example. Kouijzer and co-workers showed that when this polymer with
PCBM is spin coated from chloroform, the blend undergoes liquid-liquid phase separation
resulting in PCBM domains exceeding 200 nm. The gross phase separation of this polymer
fullerene blend is clearly visible in the TEM images presented in Figure 1.7a. Liquid-liquid
phase separation can be avoided by the addition of 10 vol.% o-DCB.80 The optimized
morphology depicted in Figure 1.7b results in a dramatic efficiency improvement from 1.3%
(JSC = 3.2 mA/cm2, VOC = 0.67 V, FF = 0.6) when this blend was spin coated from chloroform
to 5.2% (JSC = 13.8 mA/cm2, VOC = 0.57 V, FF = 0.67) with the addition of co-solvent.
a)

b)

Figure 1.7: TEM images of PDPP5T:PC71BM active layer spin coated from chloroform (a) and
chloroform/o-DCB (b).
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1.5 AIM OF THIS WORK
The majority of active layers for OPV are processed from halogenated solvents due to their
good solubilizing property of organic materials and a well understanding of morphology
formation. The latter is one of the factors raising the efficiency of OPV up to 14%24,27,28 One
of the parameters holding back the commercialization of these devices is the toxicity and
environmental impact of the chlorinated solvents on the environment.81,82 To eliminate this
problem, efforts are ongoing to substitute these hazardous solvents to greener alternatives
such

as

anisole,

N-methyl-2-pyrrolidone

(NMP),

2-methaylanisole

(MA),

dimethylacetamide (DMAC), 2-methyltetrahydrofuran (MeTHF), and cyclopentyl methyl
ether (CPME)83–85. These solvents bear a lower toxicity to human health and the environment
compared to chlorinated solvents like dichlorobenzene (DCB). An impressive performance
of 6.6% is achieved by Guo et al. by processing P3HT:ICBA devices from toluene and NMP,
which outperformed the devices processed from DCB.86 A PCE as high as 13% has been
achieved by Xu and co-workers by processing a wide band gap polymer with a non-fullerene
acceptor from the halogen-free solvent system o-xylene with 1-phenylnaphthalene (PN)25.
Although, promising results have been obtained, the above mentioned solvents are halogen
free but solvent like PN, anisole, o-xylene and toluene are aromatic and remain toxic to
people’s health and environment.87 Additionally, it is observed that side chains (ionic or
anionic) can be required to enhance the solubility inhibiting the use of conventional highperformance donor and acceptor materials84,85. Efforts to process organic active layers from
ethanol or water have resulted in poor performances. Nguyen and co-workers reported 0.75%
efficient solar cells by processing a donor polymer (PPDT2FBT) modified with
oligoethylene glycol (OEG) side chains. Due to the obtained edge-on orientation of the
polymer, good charge transport properties in transistors was achieved but low efficiency in
solar cells.87 Interestingly, Sondergaard and co-workers succeeded in fabricating a device in
which all layers are processed from water having a PCE of 0.7%.88 The active layer consists
out of P3HT modified with thermocleavable side chains that ensure solubility in water.
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In this work we aim to use conventional high performance materials without modification
by side chains processed from the most green solvents that exist; water and/or ethanol. This
has been realized by precipitating the donor and acceptor materials into nanoparticles. These
particles can be synthesized by two different methods; the precipitation method and the
miniemulsion method. In the precipitation method a solution of donor and acceptor materials
in chloroform is precipitated in ethanol due to the miscibility of the two media. The solvent
quality for the polymer:fullerene mixture instantaneously turns from good to poor resulting
in their precipitation. Nanoparticles could be achieved by subsequent sonication. The ease
of nanoparticle preparation without the need of any additive would be beneficial for largescale processing of conventional high-performance materials. Despite the ease of
nanoparticle preparation, synthesis optimization was required to avoid aggregation and
crystallization of the fullerene. To fabricate active layers for organic solar cells, the
dispersion was spin coated multiple times on top of each other and melting of the particles
at high temperature was required to improve the homogeneity of the active layer. Despite
the performed optimizations, of which more details are described in Chapter 2, a poor device
performance has been achieved.
The polydispersity and stability of the nanoparticles could be improved by stabilizing the
particles with a surfactant molecule. Stabilized nanoparticles of a DPP polymer mixed with
PC61BM have been fabricated by the miniemulsion method. Here, a solution of photoactive
materials is introduced to the water phase containing surfactant micelles. After applying a
high shear to this mixture, nanoparticles are formed of which their size depend on the
surfactant concentration. This method enables well control over the particle size, although
the surfactant additive could be a concern for the charge transport of the carriers and
potentially lower the performance. Removal of the surfactant molecules without a loss in
particle stability is described in Chapter 3. After optimization of the nanoparticle
formulation, active layers for organic solar cells have been fabricated of which their
characteristics are described.
Instead of processing organic photovoltaic layers from water, the second half of this thesis
focusses on processing active layers on water. In the latter, water is used as a substrate on
top of which a donor:fullerene active layer is fabricated by the spontaneous spreading
method. When a droplet of a solution containing the photoactive materials is in contact with
the water surface, surface tension and interfacial forces can facilitate the spreading of this
droplet into a Nano layer. Upon spreading, the solvent evaporates and the resulting film can
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be transferred to a substrate. Interestingly, this method is compatible with large-scale rollto-roll processes and it allows processing of multiple active layers on top of each other. The
latter cannot be achieved by common solution processing techniques such as spin coating as
the underlying layer would dissolve when the second layer is processed on top. This novel
method allows the fabrication of interesting device architectures that are rarely reported.
Chapter 4 focusses on the performance of solar cells in which the active layer is processed
by the spontaneous spreading technique. Three different material combinations are discussed
which are processed in single layer and bilayer (twice the same active layer on top of each
other) devices. One of the material blends outperformed the performance of spin-coated
devices which has been used to fabricate a bilayer-ternary device. The somewhat unusual
characteristics of these solar cells are discussed in Chapter 5. The interest in ternary devices
is based on enhancing the spectral conversion width by the organic solar cells of the
incoming solar irradiation with which JSC and hence the PCE can be improved. The
incorporation of a third component, which can be either an acceptor or donor material, is
already studied and reported in literature. However, addition of a third component to a binary
BHJ blend can disturb the morphology formation of the active layer limiting the device
performance. The work described in Chapter 5, therefore, focuses on a ternary device
fabricated by stacking two conventional BHJs on top of each other. Here, the second layer
is deposited by spontaneous spreading and contains a small band gap polymer which is
transferred on top of a spin-coated active layer containing a high band gap polymer with
PC61BM. An improvement in JSC is indeed observed, however, problems in carrier collection
lowers the FF and hence PCE of the device. The problematic carrier transport has been
studied by J–V measurements performed under different illumination conditions.
Interestingly, these characteristics seem related to measured EQE overshoots > 100%.
Partially, the EQE enhancement could be explained by drift-diffusion calculations.
To obtain more understanding on the interesting, however partially unclear, results obtained
on bilayer-ternary organic solar cells, Chapter 6 discusses the influence of induced energetic
barriers in such device stacks. By modifying the wide band gap polymer material in the spincoated BHJ, a bilayer-ternary device has been fabricated with and without a HOMO offset
energy unfavorable for hole transport and collection. The J–V and EQE results show the
importance of this barrier on the device characteristics and comparing the results described
here to the new observations found in Chapter 6 reveals their relation. The bilayer-ternary
device without HOMO offset energy displayed normal J–V and EQE characteristics under
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different illumination conditions and has been extended to a triple layer device containing 3
different donor polymer and the acceptor PC61BM. The cascade energy levels through the
active layer facilitate good charge transport and collection resulting in a reasonably good
PCE of 3.8%. To our knowledge, such kind of active layer structure composed of 3 layers
and 4 absorbers has not been reported before. The results on solar cells fabricated by
spontaneous spreading show the novel opportunities to improve the performance of organic
solar cells.
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SEM of PC61BM cube surrounded by a porous
structure of P3HT nanoparticles

CHAPTER 2
SURFACTANT-FREE
NANOPARTICLE ACTIVE
LAYERS

To avoid the use of harmful chlorinated solvents for the processing of active layers for
polymer solar cells, this chapter focusses on the fabrication of nanoparticle dispersions
in ethanol. This is achieved by the precipitation method resulting in P3HT:fullerene
nanoparticles which have been analyzed by light scattering and microscopy techniques.
Scanning electron microscopy revealed that at 200 °C the particles melt together which
improved layer uniformity and hence device performance. In total, three different
fullerene derivatives were mixed with P3HT and precipitated into nanoparticles of which
two derivatives showed a similar performance with a power conversion efficiency of
0.55%. In contrast, the third fullerene studied in this chapter did not result in working
solar cells. This is likely caused by the higher tendency for this compound to crystallize
resulting in cubes of fullerene material separated from the P3HT nanoparticles.
Optimization of the processing method can avoid these crystalline cubes, however, the
stability of this dispersion remained challenging. The device performances achieved here
are not comparable to solution processed devices, which is mainly due to a poor
homogeneity of the active layer.
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2.1 INTRODUCTION
Solubility of the vast majority of conjugated materials is limited to chlorinated solvents,
representing hazards to human health and environment. Processing of these materials from
dispersions in environmentally friendly media, such as water or alcohols is challenging, but
would lift one the obstacles for commercializing organic solar cells.
A well-known and widely applied technique to fabricate polymer nanoparticles is by
miniemulsion polymerization, based on radical polymerization. A typical reaction vessel
would contain a water phase, a water-soluble initiator, surfactants and the monomer.1 The
monomers are emulsified by the surfactant in the water phase being the “nanoreactors”.
Radical polymerization is initiated in the micelle when the water-soluble initiator reacts with
the monomers within followed by propagation of the polymer chain. Emulsified monomers
from large particles continue to diffuse to smaller particles containing an initiator where the
polymerization continues until the monomer droplets are empty or chains terminate. The
final product is a stabilized dispersion of polymeric nanoparticles of usually high molecular
weight in water. This is also called a latex.2 The limitation of this technique to radical
polymerization restricts the library of polymers that can be used and is therefore not suitable
for the preparation of nanoparticles containing conjugated photoactive polymers.3 Frequent
used polymerization methods for organic photoactive materials are Stille coupling and
Suzuki polymerization.4–6 In addition, the use of surfactants in the miniemulsion
polymerization technique is not favorable for the fabrication of active layers for organic solar
cells as they might hamper charge collection at the electrodes.
A method that prevents the use of stabilizers is the nanoprecipitation method which is
especially of interest for active layers in organic solar cells to avoid charge recombination
centers from ionic surfactants. In this chapter the merits of the nanoparticles made by
precipitation in ethanol are investigated with the aim of applying these to cast photoactive
layers for polymer solar cells.
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2.2 PRECIPITATION METHOD
The precipitation method allows processing of donor-acceptor bulk-heterojunction active
layers of organic solar cells from an environmentally friendly solvent avoiding the use of
surfactants. Figure 2.1 shows a schematic drawing of this method, showing its rather
straightforward principle. First, the donor and acceptor mixture is dissolved in a good
solvent, such as chloroform, which is added rapidly to the non-solvent, here ethanol. Due to
the mixing of the chloroform and ethanol phase, the solvent quality for the photoactive
materials changes instantly from good to poor. As a consequence the compounds precipitate
and while stirring vigorously nanoparticles are formed. In a subsequent step, the chloroform
phase can be removed by evaporation.7

Figure 2.1: Schematic drawing of the precipitation method for making nanoparticle dispersions.

One of the first successful attempts to fabricate organic active layers for solar cells from
unstabilized nanoparticles is published by Darwis et al.8 A mixture of poly(3-hexylthiophne)
(P3HT) and 6,6-phenyl-C61-butyric acid methyl ester (PC61BM) (Figure 2.2) is precipitated
from chloroform into ethanol while stirring vigorously, resulting in 130 nm sized particles
in diameter. Photoluminescence measurements show efficient quenching of the P3HT
excitations indicating that the polymer is well mixed with the fullerene in one nanoparticle.
They observed that the shelf time of the dispersion is rather short, up to a few hours, due to
PC61BM diffusion out of the particles where it forms aggregates. Spin coating of the
nanoparticles into an active layer resulted in a power conversion efficiency (PCE) of 0.34%
which could be significantly enhanced up to 1% by thermal annealing as a result of enhanced
carrier transport through the active layer after merging the nanoparticles. Instead of using
chloroform and ethanol as solvent and non-solvent respectively, Hu and co-workers showed
that it is also possible to nanoprecipitate P3HT with PC61BM in water from a solution in
tetrahydrofuran (THF).9 Particle sizes between 35 to 70 nm were obtained depending on the
P3HT content. As Hu’s article focusses on the nanoparticle characterization, no solar cell
devices are reported. Interestingly, a somewhat different method for nanoprecipitation of
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P3HT and PC61BM is reported by Chambon and co-workers who synthesized nanoparticles
having a core-shell structure by a solvent displacement method.10 P3HT and PC61BM are
dissolved in THF which is added to dimethyl sulfoxide (DMSO) causing P3HT to precipitate
while PC61BM remains dissolved. This has been confirmed by UV-vis spectroscopy. Water
is used as a non-solvent for both materials which is used for the second solvent displacement.
The P3HT nanoparticles act as nucleation centers around which PC61BM will form a shell.
The corresponding red-shift in PC61BM absorption evidences its aggregation after the second
solvent displacement step. Dynamic light scattering (DLS) was performed to analyze the
size distribution of the particles which showed an increased hydrodynamic diameter from 75
to ~100 nm after PC61BM precipitation evidencing that a shell of approximately 15 nm is
formed around the P3HT particles. Additional evidence of the PC61BM shell formation is
provided by photoluminescence measurements, which show exciton quenching upon P3HT
excitation after the second solvent displacement step of the blend. However, only ~75% of
the fluorescence signal is quenched after precipitation of PC61BM which indicates that
maybe not all particles have a PC61BM shell or that the domain size of P3HT is too large for
efficient energy transfer. Although this may degrade the device performance, their findings
may be of interest in further understanding the importance and optimization of donor and
acceptor domain size for organic solar cells.
An impressive performance for nanoparticle solar cells without utilizing surfactants has been
reported in 2014 by Gärtner et al.11 Here, P3HT is used as a donor material and an indeneC60 bisadduct (ICBA) (Figure 2.2) is used as acceptor molecule. Compared to PC61BM,
ICBA has a higher lying LUMO level with which the energy loss of the solar cells can be
minimized and a higher VOC can be obtained.12,13 While a stability of only several hours was
reported for P3HT:PC61BM nanoparticles, interestingly, P3HT:ICBA nanoparticles seemed
to be stable for several days. After multiple deposition steps of the particles and annealing at
200 °C the particles merged together into a film having a reduced roughness of 24 nm. A
PCE of 4.1% has been achieved (JSC = 9.0 mA/cm2, VOC = 0.78 V and FF = 0.58) with low
bimolecular recombination losses. A small efficiency improvement up to 4.3% for spincoated devices was reported in 2015, where these authors also show the fabrication of solar
cell devices by ink-jet printing of the nanoparticles.14 The low viscosity of the formulation
caused problems with respect to the homogeneity of the active layer, degrading the
performance to 2.9%.
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Taking advantage of the ability to process multiple layers on top of each other, Gärtner and
co-workers published solar cell devices with a compositional gradient inside the active
layer.15 Additional to the P3HT:ICBA nanoparticle active layer, ICBA and P3HT
nanoparticle interlayers were processed into the device architecture. Interestingly, these
interlayers improved the FF and VOC (up to 0.83 V) of the solar cells which may be the result
of reduced charge carrier recombination by blocking of the opposite charges at the
electrodes. This resulted in a performance improvement of 13% with the highest PCE of
4.2%.

PC61BM

PC71BM

ICBA

P3HT

Figure 2.2: Chemical structures of the fullerene molecules used in this study along with the structure
of the donor polymer P3HT.

2.3 PHOTOVOLTAICS OF P3HT:FULLERENE NANOPARTICLES
In this work nanoparticles have been fabricated in ethanol by the precipitation of a
chloroform solution containing P3HT with a fullerene derivative. The molecular structure of
the three different acceptor fullerenes utilized (PC61BM, PC71BM, and ICBA) along with
P3HT are shown in Figure 2.2. In contrast to the obtained nanoparticles with the precipitation
method described in many reports, our results indicated that an additional sonication step is
required to attain a nanoparticle suspension. When simply adding the chloroform solution of
P3HT and PC61BM to ethanol under vigorous stirring, micron sized particles were obtained
which were visible with the naked eye. Powerful sonication with a probe depicted in Figure
2.3 could reduce the particle size to about 100 nm, while a sonication bath did not influence
the particle size. This particle size was confirmed by scanning electron microscopy (SEM)
after spin coating the nanoparticles on a PEDOT:PSS coated glass substrate and by
transmission electron spectroscopy (TEM) of a diluted sample depicted in Figure 2.4.
Additionally the SEM image shows that after 5 deposition steps the substrate is not fully
covered which would result in a shorted device. Also, after thermal annealing at 130 °C the
spherical shape of the particles is still intact. Merging of the particles at higher temperature
is required to form a dense and closed active layer for organic solar cells.
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Figure 2.3: Image of the ultrasonic processor used for the preparation of photoactive nanoparticles (a).
Its effect on the particle size is shown by the DLS measurements (b).
a)

b)

Figure 2.4: SEM image of P3HT:PC61BM nanoparticles spin coated 5 times on a PEDOT:PSS covered
substrate after which it is annealed at 130 °C for 30 minutes (a), TEM image of the nanoparticles on a
carbon coated Cu grid (b).

A critical parameter determining the device performance is the domain size, purity and
crystallinity of the donor and acceptor phase of which the latter can be well characterized by
the absorption profile of the layer depicted in Figure 2.5a. Spin coating the active layer from
chloroform results in an absorption maximum at 482 nm which is red-shifted to 513 nm after
annealing. This is caused by crystallization of P3HT at elevated temperatures and PC61BM
diffusion out of the polymer matrix resulting in a more crystalline and phase separated
morphology. The shift in absorption maximum is attributed to a longer conjugation length
and enhanced interchain interactions of the polymer upon crystallization, lowering the
optical band gap of the material. Enhanced structural order between the P3HT chains after
annealing is supported by increased absorption strength of the distinct shoulders at 605 nm
and 550 nm reflecting the 0-0 and 0-1 vibronic transitions within P3HT aggregates.16–18 The
same absorption maximum is found for an active layer processed from P3HT:PC61BM
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nanoparticles and subsequent heat treatment indicating that in both active layers the polymer
is well ordered. A difference between solution processed and nanoparticle active layer can
be noted in the absorption strength of the vibronic shoulders relative to the absorption
maximum at 513 nm. This may arise from different absorption contributions of the
amorphous material in the low wavelength regime and aggregated polymer in high
wavelength regime potentially indicating different degrees of crystallinity within the active
layers.19
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Figure 2.5: Normalized absorption measurements of P3HT:PC61BM active layers (a). Solution
processed layers were annealed for 15 minutes at 100 °C (open squares) while nanoparticle active
layers have been annealed for 20 minutes at 130 °C (full triangles). J–V characteristics of a solution
processed P3HT:PC61BM device and nanoparticle devices processed by 25 subsequent processing
steps with and without thermal annealing at 200 °C for 30 min (b).
Table 2.1: Performance of solution processed and nanoparticle P3HT:PC61BM solar cells.

Device
Chloroform
Dispersion
Annealed dispersion

JSC
(mA/cm2)
7.20
0.11
0.54

VOC (V)

FF

PCE (%)

0.54
0.06
0.29

0.62
0.25
0.31

2.39
1.8 × 10-3
0.05

The well-ordered P3HT domains observed by UV-vis in nanoparticle active layers is a
promising result for their performance in photovoltaic devices. However, due to the nonuniform layers, the devices have a poor diode quality. The nanoparticle active layers were
fabricated by 25 subsequent spin-coat steps after which the layer is annealed at 200 °C. Table
2.1 shows that the performance is slightly improved upon annealing but does not reach a
similar value as obtained for spin-coated devices from chloroform. The J–V characteristics
in Figure 2.5b show that upon annealing the diode characteristics of the nanoparticle device
improve, but its high leakage current under reverse bias hampers the photovoltaic
performance. This likely arises from the non-uniformity of the active layer as can be
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concluded from the SEM picture shown in Figure 2.6a. Large cubes of aggregated material
are present on the surface which likely hamper the contact between the active layer and the
top electrode resulting in a non-working device. It has been observed by Darwis and coworkers that PC61BM can diffuse out of the nanoparticles forming aggregates. To confirm
the presence of PC61BM aggregates on the surface of the active layer, the sample has been
washed with dichloromethane, being a good solvent for the fullerene but not for P3HT. The
resulting morphology is depicted in Figure 2.6b showing cage-like structures of P3HT that
used to surround the PC61BM cubes. This evidences the aggregation of PC61BM.
a)

b)

Figure 2.6: SEM images of as-cast P3HT:PC61BM nanoparticle layer. Without (a) and with (b)
washing with dichloromethane.

To improve the device performance, research has been focused on optimizing the layer
morphology and avoid the aggregation of PC61BM. After precipitation and sonication,
chloroform is evaporated at 60 °C while stirring. It is possible that this elevated temperature
enables PC61BM diffusion out of the particles. This could possibly correspond to the
decreased particle size upon chloroform removal measured by DLS in Figure 2.3 which is a
consistent observation. As particles in the size range of the observed cubes in SEM are not
detected by DLS, apparently, PC61BM particles are not present in dispersion and appear upon
film formation. To prove that the formation of PC61BM cubes is related to the evaporation
process of chloroform at elevated temperature, active layers have been spin coated after
sonication still containing the solvent phase. As this coincides with the goal of fabricating
eco-friendly active layers, no solar cells have been made from this dispersion. Interestingly,
SEM images proved the absence of PC61BM aggregates which do appear after aging the
chloroform containing dispersion overnight. In addition to the elevated temperature used for
chloroform evaporation, 1H-NMR analysis revealed that only 50 vol.% of the initial
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concentration of chloroform was removed. The residual solvent and the applied heat to the
dispersion can be possible explanations for the observed PC61BM crystallites. It is of
importance that after precipitation and sonication the chloroform phase should be removed
at least within the same day to avoid fullerene aggregates. SEM results showed that PC61BM
crystals appeared when chloroform was removed the day after nanoparticle preparation
instead of immediately. To improve the solvent removal without using elevated
temperatures, chloroform and the majority of the ethanol phase were both removed by
evaporation under reduced pressure after which the particles were redispersed in clean
ethanol utilizing a sonication bath. Although 1H-NMR evidenced complete removal of
chloroform, it must be noted that this method has a negative influence on the reproducibility
of sub 100 nm particle preparation as the chance for aggregation or agglomeration is
increased. This can be observed in the DLS measurement depicted in Figure 2.7. After
deposition of the nanoparticles, no PC61BM aggregates were visible by SEM as depicted in
Figure 2.8a. After five days of aging the dispersion the aggregation was still suppressed as
only a few PC61BM aggregates could be observed by SEM of a spin-coated layer. This
stresses the importance of efficient chloroform removal immediately after sonication. As the
resulting film is very porous, thermal annealing at 200 °C has been performed to merge the
nanoparticles into a film as a consequence of melting of the polymer phase at such high
temperature.20 Although it is not an eco-friendly fabrication method, solvent vapor annealing
(SVA) of the film in dichlorobenzene proved to be a more efficient method as can be
observed in Figure 2.8b. Unfortunately, the porosity of the layer remained too high to
fabricate working solar cells. This could also be related to the aggregation of the particles in
the dispersion after chloroform removal having a negative influence on the uniformity of the
layer.
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Figure 2.7: DLS measurement of P3HT:PC61BM dispersion before and after evaporation under
reduced pressure.
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a)

b)
)

Figure 2.8: SEM images of as-cast (a) and 45 minutes o-DCB solvent vapor treated (b) P3HT:PC61BM
nanoparticle layers.

In contrast to the non-working devices obtained with PC61BM as acceptor, higher
performances were obtained utilizing PC71BM and ICBA acceptors in nanoparticle devices
combined with P3HT. The device characteristics determined by J–V measurements are
summarized in Table 2.2. It can be noted that thick active layers were required to obtain
working devices because thinner layers resulted in increased leakage current or shorted
devices. This is likely caused by the non-uniformity of the active layer. The thick active layer
hampers the transport of generated charges towards the electrodes and thereby lowers the
FF. The low FF and high resistivity of the active layer at forward bias can be clearly observed
in the J–V curves plotted in Figure 2.9a. In addition, the EQE curves are plotted in Figure
2.9b which clearly show the effect of enhanced recombination with high light intensity for
the nanoparticle devices as the EQE lowers significantly. Compared to a solution processed
device the performance lacks severely.
Table 2.2: Performance of nanoparticle devices determined by J–V measurements.a

a

Device

d (nm)

PC71BM, 20 layers
15 min 200 °C
ICBA, 17 layers,
15 min 200 °C
ICBA, Chloroform
solution

634
444
141

JSC
(mA/cm2)
3.23
(2.99)
2.84
(2.69)
5.90
(5.71)

VOC (V)

FF

PCE (%)

0.54
(0.53)
0.71
(0.70)
0.81
(0.80)

0.34
(0.34)
0.31
(0.31)
0.58
(0.57)

0.58
(0.54)
0.62
(0.59)
2.75
(2.66)

Highest performance with the average values shown between parentheses.
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Figure 2.9: J–V (a) and EQE characteristics (b) of the best P3HT:ICBA nanoparticle device compared
to a solution processed solar cell. Bias light utilized in EQE measurements was set to 530 nm.
Integrated JSCs are 2.62 mA/cm2 (w/o bias) and 1.60 mA/cm2 (w/ bias) for dispersion processed
devices, and 6.65 mA/cm2 (w/o bias) and 6.36 mA/cm2 (w/ bias) for solution processed devices.

The results described above for nanoparticle solar cells for three different fullerene
derivatives, raise the question why PC61BM based nanoparticles do not result into working
devices, in contrast to layers with PC71BM and ICBA. A possible explanation may be related
to the stability of the nanoparticles. After evaporation of chloroform and the majority of the
ethanol phase under reduced pressure, the particles were redispersed in clean ethanol. The
resulting particle size measured by DLS for the three different acceptor based dispersion is
illustrated in Figure 2.10. Although the ICBA and PC71BM based nanoparticles are still
below 100 nm in diameter, aggregation was often observed for PC61BM based dispersions.
The difference in aggregation behavior may be related to the intermolecular interactions
between the acceptor molecules. Lin and co-workers studied the morphology of pure
PC61BM and ICBA films and their blends with P3HT spin cast from solution by grazing
incidence X-ray scattering (GIXS) and optical microscopy.21 GIXS shows that upon
annealing, PC61BM becomes very crystalline displaying sharp scattering peaks at specific
angles, while isotropic scattering was observed for ICBA films. This evidences the higher
tendency for PC61BM to crystallize compared to ICBA which is supported by optical
microscopy images showing micron sized aggregates of blend films when the concentration
of PC61BM is increased. The lack of large crystalline features for P3HT:ICBA layers stresses
the lower crystallinity of the latter. It is suggested that the intrinsic impurity of ICBA by its
regioisomers can disturb its aggregation. Thermal annealing has also been used by Lu et al.
to study the aggregation behavior of PC61BM and PC71BM blend films with P3HT. Optical
microscopy showed the aggregation of PC61BM into large crystalline domains at
significantly lower temperature compared to PC71BM crystallization.22 The greater tendency
for PC61BM to crystallize might be the cause for the observed aggregation when this
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fullerene derivative is utilized in a nanoparticle dispersion. Aggregation of nanoparticles can
be suppressed by substitution with PC71BM or ICBA, however, the performance does not
reach an efficiency comparable to solution processed solar cells. The inhomogeneous active
layer, depicted in Figure 2.10 deposited from P3HT:ICBA nanoparticles explains their low
efficiency. To improve the layer uniformity stabilization of the nanoparticles can be an
efficient method to suppress agglomeration of particles in solution, especially at high
concentrations.
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Figure 2.10: DLS measurements of dispersions after evaporation under reduced pressure (a). The
acceptor material is varied between ICBA, PC71BM and PC61BM of which two different dispersions
are shown for the latter. SEM image of a P3HT:ICBA nanoparticle active layer after annealing for 15
min at 200 °C (b).
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2.4 CONCLUSION
Eco-friendly nanoparticles have been successfully prepared by the precipitation of a
P3HT:fullerene solution. The three different fullerene derivatives PC61BM, PC71BM and
ICBA have been used resulting in different solar cell performances due to their different
aggregation behavior. The higher tendency for PC61BM to crystallize likely resulted in the
diffusion of the fullerene out of the nanoparticles which might be enhanced by the elevated
temperature used to evaporate chloroform out of the dispersion. Additionally it was found
that solvent removal by heating was not efficient which resulted in a trace amount of solvent
in the dispersion. Experiments indicated that remaining chloroform could facilitate fullerene
diffusion and crystallization into aggregates. More efficient solvent removal was achieved
by both evaporating the chloroform and ethanol phase under reduced pressure. Afterwards,
the particles were redispersed in clean ethanol. Although the solvent removal was enhanced,
this method resulted in an increased particle size for P3HT:PC61BM nanoparticles.
Aggregation was less pronounced when PC71BM and ICBA were used as acceptor materials.
These material combinations gave a solar cell performance of 0.55%. Compared to solution
processed devices, this performance is poor which is likely caused by the inhomogeneity of
the active layer. Melting of the particles at 200 °C was required to merge them into a closed
film. However, thick active layers were required to reduce the leakage current. The results
show that the generality of this method is low and that the uniformity of the layers should be
optimized to achieve better device performance. This could potentially be achieved by the
fabrication of monodisperse nanoparticles with higher stability.
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2.5 EXPERIMENTAL
Nanoparticle synthesis: P3HT (Sigma Aldrich) and fullerene (PC61BM or PC71BM, Solenne BV) are
dissolved in a 1:1 weight ratio in chloroform to a concentration of 10 mg/ml. In the case of P3HT:ICBA
nanoparticles a 1:0.8 ratio is used. Subsequently, 1 ml of solution is added the 4 ml of ethanol at once
after which the dispersion is sonicated by a Sonics Vibracell VC 750 (Sonics & Materials Inc.) for 5
min. at 30% amplitude. Chloroform and ethanol are evaporated under reduced pressure (~50 mbar)
until little residue is left. The nanoparticles are redispersed by the addition of ethanol until a total
volume of 4 ml and sonication is employed for at least 5 min. by a sonication bath to avoid
agglomerates.
Solar cell fabrication: Patterned indium tin oxide (ITO) substrates (Naranjo) were cleaned by
sonication in acetone followed by rubbing with a soap solution (sodium dodecyl sulfate, Across
Organics). To remove the surfactants, the substrates are rinsed with deionized water and sonicated
afterwards in 2-propanol. Before spin coating, the substrates were exposed to UV-ozone for 30 min.
Then, a ~40 nm layer of PEDOT:PSS (Heraeus Clevios P VP AL4083) is spin coated at 3000 rpm on
top of which the active layer can be deposited. The nanoparticle dispersion is spin coated by several
deposition steps after each other. When the active layer is thick enough the stack is annealed for 15
min. at 200 °C in nitrogen environment. For solution processed devices, P3HT and PC61BM or ICBA
are dissolved in chloroform in a 1:1 ratio or 1:0.8 ratio, respectively. The total concentration of the
solution was 10 mg/ml in both cases. The layer thickness was optimized by adjusting the spin speed
during spin coating. Afterwards, the active layers composed of P3HT and PC61BM were annealed for
15 min. at 140 °C to enhance the phase separation between the two components. When ICBA was used
instead of PC61BM the active layer was annealed at 150 °C for 15 min. For both active layers, thermal
annealing was performed in nitrogen environment. Both solution and nanoparticle devices are finished
by thermal evaporation of a LiF interface layer (1 nm) and an aluminum metal top contact (100 nm) in
a vacuum of ~3 × 10−7 mbar. The overlapping area between the ITO and top contact of the cells was
0.09 or 0.16 cm2.
Characterization: DLS was measured with a Malvern Zetasizer µV at 25 °C. The laser wavelength
was 832 nm and measurements were performed in disposable, plastic, low-volume cuvettes.
SEM has been performed on spin-coated dispersions of nanoparticles on PEDOT:PSS coated glass
substrates. The sample was sputtered with gold and analyzed with a FEI Quanta 3D FEG. To remove
the PC61BM crystals the sample has been dipped into dichloromethane before gold sputtering.
TEM was measured on a Tecnai G2 Sphere operating at 200 kV. The image shown in Figure 2.4 was
made at 50.000 times magnification with a defocus of 1 µm. The samples were prepared by placing a
droplet of a diluted nanoparticle dispersion on a carbon coated 200 square mesh copper grid. The
concentration of the P3HT:PC61BM dispersion was 2 mg/ml.
Absorption measurements have been performed on spin-coated films of nanoparticles and compared
to solution processed active layers. A PekinElmer Lambda 900 UV/vis/near IR spectrophotometer was
utilized for the measurements.
The performance of the fabricated solar cells were measured by current density – voltage curves from
which the JSC, VOC and FF can be extracted. The performance in [%] is calculated by
PCE  ( JSCVOC FF / Pin ) 100% where Pin is set to 100 mW/cm2. The latter is checked by a calibrated
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silicon solar cell, but the PCE is not corrected for the spectral mismatch between the solar simulator
and the AM1.5G spectrum. The current density of the device is measured over an external voltage
sweep of -2V to 2V using a Keithley 2400 sourcemeter. A tungsten halogen lamp was used in
combination with a Hoya LB120 daylight filter to simulate the solar spectrum. EQE measurements
were performed on a homebuilt set-up, which consists of a 50 W tungsten halogen lamp (Osram
64610), a mechanical chopper (Stanford Research, SR 540), and a monochromator (Oriel, Cornerstone
130). During EQE measurements, the device is kept in a nitrogen filled box with a quartz window
which was illuminated through an aperture of 2 mm. To increase the carrier density within the device
this measurement was also performed in combination with a continuous LED bias light having a
wavelength of 530 nm (Thor Labs). The current of this bias light can be adjusted such that an
illumination intensity equal to simulated AM1.5G is reached. The response was recorded using a low
noise current preamplifier (Stanford Research System SR 570) and lock-in amplifier (Stanford
Research Systems SR 830).
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Cryo-TEM of PDPP5T:PC61BM nanoparticles
stabilized by SDS in water

CHAPTER 3
STABILIZED AQUEOUS
NANOPARTICLE ACTIVE
LAYERS

Polymer solar cells based on PDPP5T and PCBM as donor and acceptor materials have
been processed from aqueous nanoparticle miniemulsions. Careful monitoring and
optimizing the concentration of free and surface-bound surfactants in the dispersion, by
measuring the conductivity and zeta potential, is essential to avoid aggregation of
nanoparticles at low concentration and de-wetting of the film at high concentration. The
surfactant concentration is crucial for creating reproducible processing conditions that
aid in further developing aqueous nanoparticle processed solar cells. In addition, the
effects of adding ethanol to the dispersion, aging of the dispersion, and enhancing light
absorption by replacing PC61BM with PC71BM have been studied. The highest power
conversion efficiencies obtained are 2.0% for PC61BM and 2.4% for PC71BM based
devices. These performances are limited by bimolecular recombination of photogenerated
charges. Cryo-TEM reveals that the donor and acceptor components phase separate in
the nanoparticles forming a PCBM-rich core and a PDPP5T-rich shell causing a nonoptimal film morphology.

This work has been published as: Colberts, F. J. M.; Wienk, M. M.; Janssen, R. A. J. ACS Appl. Mater. Interfaces
2017, 9, 13380–13389
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3.1 INTRODUCTION
Organic photovoltaics (OPV) have attracted considerable interest in the last decade as a
sustainable future energy source. One of its virtues is the ability to process the photoactive
layers from solutions or inks, which enables high throughput printing by roll-to-roll coating,
reducing the fabrication costs and giving the opportunity to use flexible substrates.1,2
Furthermore, advantages as lightweight, thinness, semitransparency, and color tunability
make OPV attractive for modern life applications.3–5 Driven by these benefits, considerable
research efforts have been dedicated to improving the performance of OPV devices, resulting
in numerous new semiconducting polymers with high charge carrier mobility and optimized
energy alignment.6,7 Combined with a better understanding of the effect of polymer structure
and processing conditions on the electron donor - electron acceptor bulk-heterojunction
(BHJ) morphology, the power conversion efficiency (PCE) of OPVs has increased to exceed
12% for single-junction solar cells.8–10 However, the vast majority of record efficiency solar
cells have been processed from chlorinated solvents such as chlorobenzene, 1,2dichlorobenzene (o-DCB), or chloroform, which are harmful for people’s health and
environment.11–15 Processing the active layer from non-chlorinated solvents requires new
insights and efforts to control the morphology.16,17 An eco-friendly strategy to use highperformance solar cell materials is their precipitation in ethanol as has been reported by
Gartner et al.18 and Sankaran et al.19 for solar cells based on poly(3-hexylthiophene) (P3HT)
and indene-C60 bisadduct (ICBA). These provide PCEs over 4%, however, the method seems
sensitive to the specific material combination used because such high PCEs have not yet
been achieved for other materials. In addition, this performance could not be reproduced in
this work as is discussed in Chapter 2. An alternative method for nanoparticle fabrication is
the miniemulsion technique introduced by Landfester for conjugated materials.20 The
advantages of this method are that (i) nanoparticles (NPs) can be made in the most ecofriendly solvent that exist, namely water, (ii) the NPs are stabilized, which may offer the
benefit of using a variety of material combinations, and (iii) the nanoscale morphology is
fixed in a single nanoparticle in a pre-stadium of depositing the active layer.
The PCEs of aqueous miniemulsion NP solar cells are less than those of conventional BHJs,
e.g. when using a photoactive layer based on P3HT and [6,6]-phenyl-C61-butyric acid methyl
ester (PC61BM). The thermal annealing of the active layer, which is essential to merge the
aqueous NPs, causes P3HT and PC61BM to crystallize and form large donor and acceptor
domains that lower the performance.21,22 A comparison between P3HT that crystallizes under
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thermal treatment and a polymer that is crystalline as spun has been reported by Dam et al.,
where

NPs

have

been

synthesized

from

P3HT:PC61BM

and

poly[4,8-bis(2-

ethylhexyloxy)benzo(1,2-b:4,5-b')dithiophene-alt-5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)
(2,1,3-benzothiadiazole)-5,5'-diyl] (PSBTBT):PC61BM.23 Scanning transmission X-ray
microscopy (STXM) showed that in both cases a core-shell NP morphology was formed
where the core was PC61BM-rich and the shell polymer-rich. This phase separation was
attributed to the high and very similar water contact angle of the polymers compared to
PC61BM. Dam et al. showed that the shell constituted > 80% of the total NP volume and a
higher PCE can be obtained relative to the BHJ performance when the shell composition is
closer to the optimized BHJ composition. According to Holmes et al. the shell composition
can be optimized by varying the polymer:PC61BM ratio.22 Instead of using rather crystalline
donor polymers such as P3HT and PSBTBT, Holmes et al. reported working NP solar cells
based on the amorphous polymer poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-altthiophene-2,5-diyl] (TQ1) in combination with [6,6]-phenyl-C71-butylric acid methyl ester
(PC71BM).24 The high glass transition temperature of TQ1 (Tg ~ 100 °C) with respect to
P3HT (Tg ~ 12 °C)25 prevents phase separation upon mild thermal annealing of the active
layer.24 Also for this material combination, a core-shell morphology was observed by STXM
and transmission electron microscopy (TEM). Thermal treatment above the glass transition
temperature of the polymer-rich shell allowed the shells of neighboring particles to merge
together and PC71BM to locally diffuse. Optimization of the annealing conditions resulted in
an optimized morphology with connecting pathways between the PC71BM-rich cores. These
TQ1:PC71BM solar cells gave a PCE of 2.54%.
In contrast to the often-obtained core-shell morphology, D’Olieslaeger et al.
reported

that

poly([9-(1'-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophene-diyl) (PCDTBT):PC71BM NPs do not show a
phase-separated morphology.26 This has been confirmed by TEM and scanning TEM
(STEM) in combination with electron energy-loss spectroscopy. Recently, D’Olieslaeger et
al. achieved a PCE of 3.8% utilizing poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]
pyrrole-1,3-diyl)[4,8-bis[(2-ethylhexyl)oxy]

benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]]

(PBDTTPD):PC71BM which is the highest performance reported for aqueous NP solar cells
to date.27
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In this work we investigate aqueous NP dispersions of a diketopyrrolopyrrolequinquethiophene alternating copolymer (PDPP5T) and PC61BM (Figure 3.1), prepared via
the miniemulsion method. PDPP5T is an example of a modern semi-crystalline small band
gap polymer exhibiting a relatively good PCE of 6% in regular BHJ blends with fullerenes.
The morphology formation for PDPP5T:fullerene mixtures has been extensively studied for
conventional BHJ blends.28 This allows for a direct comparison with layers obtained from
aqueous nanoparticle dispersions.

3.2 NANOPARTICLE SYNTHESIS AND CHARACTERISATION
NPs were fabricated from a 1:2 blend of PDPP5T and PC61BM in chloroform using the
miniemulsion method (Figure 3.1c). The chloroform solution was introduced into water
containing SDS and after applying a high shear by sonication a miniemulsion is formed.
Subsequent evaporation of chloroform resulted in a stabilized dispersion of NPs in water.
The initial concentration of SDS in the miniemulsion determines the NP size which did not
change during subsequent dialysis of the dispersion to remove excess SDS. High SDS
concentrations gave smaller NPs than a low concentrations. By varying the SDS
concentration ([SDS]) between 10.2 and 41.2 mM a good control over the NP size could be
obtained in range of 62 – 34 nm (Figure 3.2, Table 3.1).

Figure 3.1: Molecular structures of PDPP5T (a) and PC61BM (b). Schematic principle of the
miniemulsion method (c).
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Table 3.1: Diameter of NPs determined by
DLS as a function of SDS concentration.

SDS concentration
41.2 mM
20.3 mM
14.5 mM
10.2 mM

20

40
Size (nm)

60

80

[SDS] (mM)

Mean size (nm)

41.2
20.3
14.5
10.2

34
42
53
62

100

Figure 3.2: DLS measurements showing the effect of the SDS concentration on the size of
PDPP5T:PC61BM nanoparticles.

The optical absorption maximum of PDPP5T exhibits a red-shift from 680 to 708 nm when
a chloroform solution of PDPP5T and PC61BM is introduced into the aqueous SDS solution
and subsequently sonicated (Figure 3.3a). This red-shift is characteristic for PDPP5T in an
aggregated state and results from interchain interactions and planarization of the polymer
chains.7,29 An additional red-shift of 16 nm is observed after removal of chloroform,
indicating an enhanced aggregation. Dialysis of the dispersion has no further effect on the
absorption spectrum. After dialysis the dispersion can be concentrated, spin coated, and
subsequently annealed at 140 °C for 10 min. to form a thin film. The absorption spectrum of
this film is very similar to that of a BHJ layer processed from a chloroform:o-DCB,
indicating comparable levels of aggregation of the polymer (Figure 3.3b). Since polymer
aggregation is important for efficient charge transport, the similar aggregation after
deposition by two different processing methods is an important observation.
a) 1.2

b) 1.2
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Figure 3.3: Optical absorption spectra of PDPP5T:PC61BM in solution and dispersion, recorded at
various stages of the miniemulsion method (a). Absorption spectra of an annealed NP film and BHJ
film processed from chloroform with 4.8 vol.% o-DCB (b).
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3.3 OPTIMIZING DEVICE FABRICATION
After synthesizing the NPs the dispersion was concentrated by centrifugal dialysis until a
concentration of 37.5 mg/mL. The NPs were then spin coated on a glass/ITO substrate
containing an electron transport layer (ETL). Both ZnO, prepared by a sol gel method, and
ethoxylated-polyethylenimine (PEIE) were used as ETL materials. As results on PEIE coated
substrates were more reproducible, this ETL has been used for device optimization. For
devices processed on PEIE an additional washing step was performed to remove excess
surfactant from the active layer. It is known that during drying of the active layer, the NPs
coalesce and exclude SDS to the film-air interface where they take a preferential
orientation.30,31 This has also been observed for PDPP5T:PC61BM nanoparticle layers by
surface analysis by AFM. Figure 3.4 shows that the surfactants can be efficiently washed off
by dipping the substrates into a water-ethanol (50:50 v/v) mixture and subsequent drying at
110 °C. With increasing surfactant removal the phase shifts towards higher angles and the
nanoparticulate morphology of the active layers gets more pronounced. Efficient surfactant
removal is supported by an increase in water contact angle from approximately 26° without
SDS removal, to 62° after centrifugal dialysis, and 106° after washing the active layer. The
latter is similar to a chloroform:o-DCB processed BHJ, however, as we have no evidence of
residual SDS in the bulk of the films, its presence cannot be excluded. Washing in waterethanol was not possible when ZnO was used as electron transport layer because ZnO is not
resistant to the washing step. In this section we discuss relevant trends of the solar cell
performance, their reproducibility, performance optimization, and current limitations. For
EQE
comparison, a reference cells with a PCE of 5.8% ( J SC
= 16.6 mA/cm2, VOC = 0.58, FF =

0.60) was made by processing PDPP5T:PC61BM in a 1:2 ratio from chloroform containing
4.8 vol.% o-DCB.
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a)

b)

c)

d)

e)

f)
)

Figure 3.4: AFM height (a-c, scale bar is 30 nm) and phase (d-f, scale bar is 25°) images (1 µm × 1
µm) of PDPP5T:PC61BM NP dispersions spin coated on a PEDOT:PSS coated glass substrate and
subsequently dried for 5 min. at 110 °C without dialysis (a, d), after 10 centrifugal dialysis steps (b, e),
and after 10 centrifugal dialysis steps and subsequent washing of the active layer in a 50:50
water/ethanol mixture (c, f).

Spin coating the dispersion on ZnO and dried subsequently at 110°C under ambient
conditions gave a low performance which could be significantly improved by annealing
under nitrogen for 10 min. at 140 °C (Table 3.2). This is consistent with reported results22,32,33
and a similar device performance was obtained for layers processed on PEIE as ETL.
Processing of the NP layers on ZnO has the advantage that the layer can be analyzed by
transmission electron microscopy (TEM), because the ZnO layer dissolves in acidic water
such that the NP layer floats on the water surface. After drying of the NP layer, separate NPs
can be distinguished in TEM (Figure 3.5a). However, annealing at 140 °C, causes the NPs
to coalesce into a continuous film and its morphology starts to approach that of a spin-coated
BHJ from chloroform:o-DCB mixture (Figure 3.5b, c). Despite the positive effect of
annealing at 140 °C on the performance of NP solar cells, a negative effect of annealing on
the performance was found for chloroform:o-DCB processed BHJs as the performance
decreased from 5.1 mW/cm2 to 4.2 mW/cm2. Therefore, thermal annealing may be limiting
the performance of NP devices.
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Table 3.2: Effect of thermal annealing on device performance.a)

d (nm)
66
61

Annealing (°C)
110
140

JSC (mA/cm2)
3.35
6.65

VOC (V)
0.45
0.49

FF
0.43
0.41

Pmax (mW/cm2)
0.65
1.36

a)

ITO/ZnO/PDPP5T:PC61BM NPs/MoO3/Ag configuration. NPs were synthesized with a 41.2 mM
starting concentration of SDS.
a)

b)

c)

Figure 3.5: TEM images of PDPP5T:PC61BM blends at 50000× and a defocus value of −1 µm: NP
layer after drying for 5 min at 110 °C (a), NP layer after drying and annealing for 10 min at 140 °C (b),
BHJ processed from a chloroform with 4.8 vol.% o-DCB mixture (c).

Further optimization was performed on ITO/PEIE/PDPP5T:PC61BM NPs/MoO3/Ag devices
because of their higher reproducibility of devices on PEIE compared to ZnO. Optimization
of the layer thickness (d) revealed that the best performance was obtained at d ≈ 70 nm (Table
3.3), which is thinner than the optimum of d ≈ 100 nm for conventional BHJs cells. With
increasing layer thickness, JSC increases while the FF decreases, and VOC does not change
significantly. Such trend is frequently observed in organic solar cells and originates from a
competition between increased light absorption, resulting in more charges, and stronger
bimolecular charge recombination for thicker layers. The effect of increasing JSC with
increasing layer thickness up to 68 nm is caused by a significant increase of light absorption
by the polymer contributing to the generated current as evidenced by the external quantum
efficiency (EQE) spectra (Figure 3.6a). The EQE spectra also show that with increasing
thickness the contribution of PC61BM in the UV region decreases with a concomitant shift
of the PC61BM band to higher wavelengths. By modeling the absorption spectra, using the
refractive index (n) and extinction coefficient (k) of the blend in the layer stack, it was found
that this is caused by the interference of light (Figure 3.6b). The decrease of this EQE band,
however, is not reproduced in the modeled spectra and indicates that the PC61BM
contribution to the photocurrent becomes less for thicker layers. For the polymer absorption
between 550 and 850 nm, on the other hand, the increase in EQE for thicker layers, matches
with the increased absorption of light. Eventually, a small drop in EQE occurred when

Stabilized

a q u e o u s n a n o p a r t i c l e a c t i v e l a y e r s | 51

increasing the thickness to 93 nm which is likely related to the very low FF of this device.
Compared to the chlorinated solvent processed BHJ, where FF = 0.6 at d = 100 nm, the FF
for the NP devices is rather low. This suggests increased bimolecular charge recombination,
which will be addressed in section 3.5.
Table 3.3: Performance of PDPP5T:PC61BM NP cells for different active layer thickness.a), b)

JSC (mA/cm2)
4.88
5.38
6.48
7.03
6.60

d (nm)
47
51
60
68
93

VOC (V)
0.53
0.55
0.53
0.55
0.50

Pmax (mW/cm2)
1.41
1.57
1.71
1.73
1.28

FF
0.55
0.53
0.49
0.44
0.38

a) NPs

synthesized with a 20.3 mM starting SDS concentration. b) Different active layer thickness
achieved by varying spin speed between 800 – 2400 rpm.
a)
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b)
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Figure 3.6: Effect of PDPP5T:PC61BM active layer thickness on EQE (a) and on the modelled
absorption (b).

The effect of the NP size on device performance was studied using different NP dispersions.
Table 3.4 shows the average device performance for four NP sizes when the active layer
thickness was optimized by adjusting the spin speed and using a constant concentration of
37.5 mg/mL. In general, JSC and Pmax decrease with increasing NP size. A possible
explanation might be a decrease in D/A interface in active layers processed from larger
particles. Significantly higher values for JSC (> 11 mA/cm2) have been reported by Xie and
co-workers for PDPP5T:PC71BM nanoparticle solar cells. This could be related to the
approximately 10 times smaller nanoparticles utilized in the work of Xie et al. (~ 5 nm).34
No clear trend in FF with NP size is observed, because the FF is dominated by the layer
thickness.
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Table 3.4: Effect of NP size on the device performance.

Particle size
(nm)a)
32
44
54
60
a)

d (nm)

JSC (mA/cm2)

VOC (V)

FF

Pmax (mW/cm2)

59
68
46
71

6.52
7.03
5.05
4.88

0.54
0.55
0.50
0.49

0.48
0.44
0.48
0.44

1.70
1.73
1.21
1.05

The size of the particles was measured after CHCl3 evaporation.

3.4 CONDUCTIVITY AND ZETA POTENTIAL MEASUREMENTS
Despite the successful fabrication of solar cells from aqueous miniemulsions, the
reproducibility is not optimal. As an example the 2nd entry of Table 3.2 and the 1st entry of
Table 3.4 are nominally almost the same cells, but differ in Pmax (1.36 vs. 1.70 mW/cm2).
This variability is caused by fluctuations in the SDS concentration in the final dispersion
between different runs. The rate of SDS removal during dialysis is highly sensitive to stirring
speed, the shape of the dialysis container, the amount of water, and the surfactant
concentration in the dispersion and water phase. To monitor SDS concentration in the
dispersion during dialysis, conductivity (κ) and zeta potential (ζ) measurements were
performed. The conductivity is a measure for the amount of free surfactant, while the zeta
potential measures the surface charge and reflects the amount of surfactant bound to the
surface of the particle.35 The zeta potential gives valuable information about the stability of
the dispersion obtained by electrostatic forces between particles. Figure 3.7a shows that
during overnight dialysis the conductivity steeply decreases. After the water is refreshed, the
conductivity decreases further and the time of dialysis is critical to the final SDS
concentration. Because the SDS in the solution is in equilibrium with SDS adsorbed to the
particles,36 the zeta potential increases towards less negative surface charge during the
dialysis. This results in less stable dispersions and ultimately aggregation, especially after
concentrating. Figure 3.7b shows that the particle size increased after concentration of a
dispersion with a low SDS concentration while no aggregation occurred when the SDS
concentration is higher.
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Figure 3.7: Conductivity and zeta potential measurements of a dispersion during dialysis (a). The final
point called “dispersion” resembles the conductivity of the concentrated dispersion. The DLS
measurements show the effect of the final conductivity on the NP size with the upper and lower graph
corresponding to a dispersion having low and high conductivity, respectively (b).

The SDS concentration also dramatically affects quality of the spin-coated layers. When the
SDS concentration is too high, holes are formed because of de-wetting (Figure 3.8), but when
the SDS concentration is too low electrical shorts are formed because aggregation of NPs
under these conditions creates rough active layers with pin holes. This results in a high
leakage current under reverse bias condition or a shorted device in the worst case. Only when
a balance between de-wetting and aggregation is achieved by controlling the surfactant
concentration reproducible solar cell performance can be obtained. Table 3.5 shows the
relation between the conductivity (related to [SDS]) and the device performance. The results
show that for 42 nm sizes NPs (Table 3.1), the optimal balance between de-wetting and
aggregation occurs at a conductivity of 9.88 × 10−2 mS/cm. For smaller NPs of 34 nm a
higher optimal conductivity (~1.9 × 10−1 mS/cm) was required because the concentration of
free surfactants likely scales with the increased total surface area. We conclude that
conductivity and zeta potential tracking during dialysis are effective to monitor the free and
bound SDS concentrations and thereby avoid de-wetting and aggregation. However, it must
be noted that the solar cell performance is sensitive to small deviations from optimal
conductivity requiring careful tracking of the dialysis speed.
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c)

b)

a)

Figure 3.8: Images of the spin-coated active layers from dispersions with decreasing conductivity:
κ = 1.47 × 10−1 mS/cm (a), κ = 7.19 × 10−2 mS/cm (b), κ = 6.95 × 10−2 mS/cm (c).
Table 3.5: Performance of solar cells from dispersions with different conductivity levels.a)

κ (mS/cm)
6.95 × 10-2
7.19 × 10−2
9.88 × 10−2
1.28 × 10−1
1.47 × 10−1
2.06 × 10−1
a)

Aggregation
Yes
Slightly
No
No
No
No

JSC (mA/cm2)
4.09
5.63
5.62
Shorted
Shorted
Shorted

VOC (V)
0.50
0.50
0.53

FF
0.43
0.48
0.51

Pmax (mW/cm2)
0.88
1.33
1.55

NPs were synthesized with a 20.3 mM starting SDS concentration.

3.5 IMPROVING SOLAR CELL PERFORMANCE
When PC61BM is replaced by PC71BM as electron acceptor in the NPs the optical absorption
in the range of 400 to 600 nm increased (Figure 3.9). As a result the short-circuit current
density significantly improved resulting in a maximum PCE of 2.36% for PDPP5T:PC71BM
NP cells (Table 3.6), when using the same procedures for preparation and dialysis of the NPs
as for PDPP5T:PC61BM. This level of performance is comparable to optimized NP solar
cells from other materials.23,24,26,33,37–39 Table 3.6 shows a similar trade-off between an
increasing JSC and decreasing FF for thicker films when PC71BM is utilized as acceptor as
has been shown above for PC61BM (Table 3.3). The reduction in FF for thicker layers is
attributed to increased bimolecular recombination. This can be seen by measuring the EQE
with and without bias light (Figure 3.10), because the ratio of the EQE measured under
AM1.5G equivalent bias light and the EQE measured under low light intensity, ρ =
EQEbias/EQEno bias (integrated over the AM1.5 G spectrum), deceases when bimolecular
recombination increases.40 Table 3.6 reveals that ρ and, concomitantly, FF decrease with
increasing thickness.
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Figure 3.9: Normalized absorption spectra of a PDPP5T:PC71BM dispersion after sonication (black
line), chloroform evaporation (green line), and dialysis (blue line) compared to the dialyzed
PDPP5T:PC61BM dispersion (red line).
Table 3.6: Performance of PDPP5T:PC71BM NP cells for different active layer thickness.a)
EQE
d (nm) JSC (mA/cm2) J SC
(mA/cm2) VOC (V) FF

67
50
36
a) NPs

10.70
9.34
6.70

9.84
9.15
7.00

0.53
0.54
0.51

0.42
0.47
0.50

Pmax
(mW/cm2)
2.35
2.38
1.69

PCE (%) ρ
2.31
2.36
1.77

0.82
0.89
0.94

synthesized with a 41.2 mM starting SDS concentration.
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Figure 3.10: EQE of PDPP5T:PC71BM NP solar cells without (open symbols) and with (solid
symbols) light bias (730 nm) for three different active layer thicknesses.
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It has been reported that the efficiency of aqueous NP solar cells can be enhanced by the
addition of 20 vol.% ethanol to the dispersion.37,39,41 Our results confirm this for
PDPP5T:PC61BM NP devices as is displayed in Table 3.7, showing an improved JSC and
PCE. To avoid aggregation of the NPs ethanol has to be added carefully. To this end, we
first concentrated the dispersion to ~75 mg/mL and then slowly added ethanol in water to
reach 37.5 mg/mL with 20 vol.% ethanol.
Table 3.7: Effect of adding ethanol to the dispersion on the device performance.a)

d (nm)
62
63
a) NPs

Ethanol
(vol.%)
0
20

EQE
(mA/cm2)
J SC

4.54
6.58

VOC (V)

FF

PCE (%)

0.57
0.56

0.50
0.54

1.30
1.99

synthesized with a 20.3 mM starting SDS concentration.

Interestingly, also aging of the PDPP5T:PC61BM dispersions is beneficial for the device
performance. Solar cells fabricated over a period of 10 days from a single batch of 44 nm
sized NPs (Table 3.8) show improved performance with time due to a significant increase in
JSC and EQE (Figure 3.11) after the first day. The best device with PC61BM was made after
EQE
one day of aging with a PCE of 2.03% ( J SC
= 9.07 mA/cm2, VOC = 0.51 V, FF = 0.44).

After two days similar efficiencies were obtained. On prolonged aging the average
performance dropped slightly, caused by a slowly decreasing JSC, but the changes with time
are close to the experimental error.
Table 3.8: Effect of aging on solar cell performance for 44 nm NP dispersions.

Day
0 a)
1
2
5
9
a)

d (nm)
75
85
81
86
80

JSC (mA/cm2)
6.72
9.20
8.32
8.31
8.00

VOC (V)
0.51
0.48
0.53
0.51
0.50

FF
0.45
0.43
0.47
0.44
0.46

Pmax (mW/cm2)
1.54
1.93
2.04
1.89
1.85

Day 0 corresponds to the day at which the dialysis was performed and the dispersion was
concentrated.
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Figure 3.11: EQE spectra of the best PDPP5T:PC61BM NP devices fabricated from a dispersion
without aging (black symbols) and after one day aging (green symbols).

A similar positive effect of one-day aging, although less pronounced, has been observed for
a 31 nm sized NP dispersion which is illustrated in Table 3.9.
Table 3.9: One day aging effect on the performance of solar cells processed from 31 nm particles.

Day

d (nm)

0
1

72
66

EQE
(mA/cm2)
J SC

6.69
7.21

VOC (V)

FF

PCE (%)

0.55
0.51

0.46
0.53

1.70
1.98

Zeta potential measurements have been performed to find the cause for this beneficial aging
effect. For the 44 nm sizes NPs the surface charge decreases from −39 ± 1.8 mV at day 0 to
−30 ± 2.1 mV at day 1. During further storage, the zeta potential remains within experimental
error. Apparently, a stabilization time is necessary after concentrating the dispersion to
restore the balance between free and bound surfactants. It is known that ionic stabilization
of particles can hamper the film formation.30,31 When an aqueous dispersion is spin coated
on a substrate the film formation process consists out of several steps; (i) water evaporation,
(ii) packing of NPs, (iii) deformation, and finally (iv) coalescence into a homogeneous film.
Surfactant molecules stabilizing the NP dispersion can negatively influence the coalescence
due to electrostatic repulsion. We think that the reduction in zeta potential promotes the
coalescence and the formation of the particles into a continuous film. The enhanced film
formation after aging improves charge transport and increases JSC. A similar mechanism
resulting in improved film formation may also be responsible for the improved performance
when ethanol is added to the dispersion (Table 3.7), because ethanol can influence the
balance between surface-bound and free surfactant. Both methods gave similar PCEs up to
2%. Since aging is a more gentle method and, unlike addition of ethanol, does not cause
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aggregation of the particles, aging improves both performance and reproducibility. It was
found by DLS measurements that size distribution of the NPs is stable over a period of at

Normalized intensity distribution

least 21 days as depicted in Figure 3.12.
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Figure 3.12: Size distribution of the NPs in time measured by DLS.

3.6 MORPHOLOGY STUDY BY CRYO-TEM
In this work a maximum PCE of 2.03% with PC61BM and 2.36% with PC71BM has been
achieved for NP solar cells based on PDPP5T. As can be concluded from the
J–V and EQE data depicted in Figure 3.13, the performance of NP devices is significantly
less than that of the solution processed BHJ. This is likely related to the morphology of the
active layer. The morphology of the active layer is in these NP systems is determined by the
degree of mixing between the two compounds in a single NP. Cryo-TEM, depicted in Figure
3.14, has been performed to visualize the NPs in the aqueous dispersion. NPs made from
PDPP5T appear elongated, while particles made from PC61BM are spherical. This difference
in shape is likely related to the semi-crystalline nature of PDPP5T. Non-spherical
nanoparticles in aqueous miniemulsions have been previously been observed for liquidcrystalline and crystalline polymers.33,42–44 The shape anisotropy has been attributed to the
underlying order of the polymer chains in the nanoparticle.42 When combining the two
materials in one particle the NP shape is prolate (elongated) spheroid. The particle size
observed by TEM corresponds to the one measured by DLS. Interestingly the particles have
a dark core surrounded by a light colored shell (inset of Figure 3.14b), which can be due to
phase separation within the particle. Based on contrast difference in the cryo-TEM
measurements, a shell thickness between 3 – 6 nm was estimated. Contrast differences in
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bright-field TEM can be caused by thickness and compositional variations. For the pure
PDPP5T and pure PC61BM particles, there is no strong contrast change towards the outside
of the particles. Hence the non-uniform contrast of the mixed particles can be interpreted as
a core-shell morphology. The surface tensions (γ) of PDPP5T (20.2 mN/m) and PC61BM
(35.4 mN/m), as determined from contact angle measurements using Neumann’s method,
differ considerably. Because of its lower surface tension, PDPP5T is expected at the outside
and PC61BM at the inside. The phase separation during drying of these two compounds in a
chloroform solution has showed that the PDPP5T and PC61BM are incompatible due to a
high Flory-Huggins interaction parameter.45 A core-shell morphology of NPs in aqueous
dispersions has also been observed for other material combinations having similar
differences in surface tension.21,23,24,38,46,47 In our view, such core-shell morphology limits
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Figure 3.13: J–V (a) and EQE (b) characteristics of the best performing PDPP5T:PC61BM NP device
compared to the optimized BHJ device.
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a)

b)

c)

c)

Figure 3.14: Cryo-TEM of PDPP5T only NPs (a), PDPP5T:PC61BM NPs (b), and PC61BM only NPs
(c) after evaporation of chloroform. The inset in Figure b shows a magnification of a single particle
which indicates the core and shell.

3.7 AVOIDING CORE-SHELL MORPHOLOGY
The results on nanoparticle solar cells reported above show that it is possible to fabricate
active layers for organic solar cells from an eco-friendly dispersion of photoactive materials
in water. However, their performance is not yet comparable to (chlorinated) solution
processed photovoltaics which is in agreement to reported results in literature for different
material combinations. A cause for the lower device performance of nanoparticle solar cells
could be related to a non-optimal active layer morphology. When fabricating nanoparticles
by the miniemulsion method, the majority of material combinations have shown to result in
a core-shell nanoparticle morphology where the phase segregation is determined by the
relative surface energies of the donor and acceptor material. Our results on PDPP5T:PCBM
nanoparticles agree to this observation. The formation of a polymer-rich shell and a
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fullerene-rich core can result in isolated acceptor domains in the final active layer of the solar
cell devices which is not beneficial for charge transport and hence the efficiency of the
device.
To avoid the formation of a core-shell morphology, pure nanoparticles containing PDPP5T
and PC61BM in separate nanoparticles have been synthesized. The DLS measurements of
these nanoparticles are depicted in Figure 3.15 which show that small nanoparticles of ~12
nm, in the range of the exciton diffusion length, can be fabricated for PC61BM, while the
size of PDPP5T nanoparticles dramatically exceeds the exciton diffusion length. In addition,
the DLS measurements show a polynomial distribution which could be the result of the
ellipsoidal shape of these particles observed by cryo-TEM depicted in Figure 3.14. The sizes
measured by DLS for PDPP5T nanoparticles correspond to the length scales observed by
cryo-TEM. Increasing the surfactant concentration during the synthesis procedure did not
significantly reduce the size of PDPP5T particles. This is in contradiction to the results
reported by Xie and co-workers who showed the formation of 13.5 nm and 42.1 nm pure
PC71BM and PDPP5T nanoparticles, respectively.34 When blending the pure particles into
one dispersion, solar cells with a PCE of 2.3% (JSC = 8.3 mA/cm2, VOC = 0.52 V, FF = 0.46)
have been reported. This is significantly lower than mixed core-shell nanoparticles with an
efficiency of 3.4%. The lower performance in the former is related to the larger and
suboptimal domain size. As the domain size achieved in our work is even larger, a lower
device performance of 0.45 mW/cm2 (JSC = 2.3 mA/cm2, VOC = 0.48 V, FF = 0.41) was
measured for pristine PDPP5T and PC61BM nanoparticles mixed in a 1:1 ratio. Interestingly,
it can be noted that in the work of Xie and co-workers a higher device performance is
reported for mixed PDPP5T:PC71BM nanoparticles compared to our work; 3.4% (JSC = 11.59
mA/cm2, VOC = 0.54 V, FF = 0.49) versus 2.4%. This could be related to the ~10 times
smaller nanoparticle size achieved by Xie et al. compared to our study. This is, however, in
line with our observation of high performance for smaller mixed nanoparticles as discussed
in Table 3.4.
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Figure 3.15: DLS measurements of pure PDP5T and PC61BM nanoparticles.

A different strategy to avoid the formation of a core-shell morphology is based on the
substitution of the acceptor material PCBM. Because of the high surface tension of the
fullerene, it predominately phase segregates in the core of the nanoparticle. The alternative
acceptor materials utilized in this study are shown in Figure 3.16. Both fullerene derivatives
2’-[2’’,3’’,4’’-tris(((2-methoxy)-2-ethoxy)-2-ethoxy)phenyl]-fulleropyrrolidine (PrC60MA)
and 2’-[4’’-((((2-ethoxy)-2-ethoxy)-2-ethoxy)-2-ethoxy)phenyl]-fulleropyrrolidine (PTEG1) contain oligoethylene oxide side chains which have initially been introduced to increase
the dielectric constant of the semiconductor.48,49 Based on a water contact angle of 60.6° and
61.9° for PrC60MA and PTEG-1 the surface tension of the compounds was calculated by the
Neumann’s method. Although these compounds have a higher surface tension than PC61BM,
it is suggested that the increased hydrophilicity of the material may alter the preferential
segregation of the material towards the outside of a nanoparticle. Additionally, the nonfullerene acceptors 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-d']-s-indaceno-[1,2-b:5,6-b']dithiophene (ITIC)
and poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt5,5'-(2,2'-bithiophene)} (N2200) have been utilized in nanoparticle devices. Both nonfullerene acceptors have proven to work in a solar cell device along with PDPP5T as donor
polymer although not as efficient compared to PC71BM, especially for N2200.50,51 Water
contact angle measurements proved their lower surface tension compared to PC61BM, as is
summarized in Figure 3.16, which could possibly reduce the tendency for the formation of a
core-shell morphology.
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Figure 3.16: Chemical structure of acceptor materials utilized to substitute PCBM for nanoparticle
preparation.

The synthesis and dialysis procedure for PDPP5T:PrC60MA nanoparticles was unaltered
compared to the procedure for PCBM based nanoparticles. After evaporation of the
chloroform phase and removal of excess surfactant the nanoparticles had a similar size of
~45 nm compared to PDPP5T:PCBM dispersions made with a SDS concentration of 20.3
mM. However, concentration of the dispersion led to aggregation of the particles as can be
seen in the DLS measurements presented in Figure 3.17a. Increasing the concentration of
remaining SDS in the dispersion after dialysis, confirmed by a higher conductivity, could
not avoid particle aggregation. Spin coating of the aggregated particles into an active layer
and subsequent thermal annealing resulted in leakage current caused by the high roughness
of the active layer. The leakage current can be clearly observed in both the dark and light J–
V curves depicted in Figure 3.17b. Despite the non-optimal diode quality of this device,
Table 3.10 shows that the solar cell performance is poor. A reference BHJ processed from
EQE
chloroform/o-DCB mixture showed a device performance of 4.4% ( J SC
= 12.2 mA/cm2,

VOC = 0.73, FF = 0.50). The low performance of the NP device may be a result of remaining
SDS inside the active layer. As discussed in section 3.3, SDS excluded from the film upon
spin coating could be effectively washed off resulting in an increased water contact angle of
the layer to a similar value as solution processed active layers. This was not observed for
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PDPP5T:PrC60MA nanoparticle active layers. Solution processed active layers from
chloroform/o-DCB mixture exhibited a water contact angle of 103° while a spin coated and
washed active layer showed a significantly lower water contact angle of 75°. Increased
wetting of the water droplet could be an indication of remaining SDS inside the film
hampering the device performance. Table 3.10 shows that a somewhat higher JSC and hence
performance could be achieved utilizing PTEG-1 as fullerene derivative instead of PrC60MA.
This may be related to a more efficient removal of remaining SDS inside the film by the
washing step as the active layer displayed a relatively high water contact angle of 95°.
Similar to PrC60MA this device suffered from leakage current in the dark and light J–V
curves caused by a similar degree of aggregation of the particles observed by DLS.
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Figure 3.17: DLS measurements of PDPP5T:PrC60MA nanoparticles at different stages of the
fabrication process (a). The final nanoparticles were spin coated into a device of which the J–V
measurements are shown (b).
Table 3.10: Device characteristics from J–V measurements of nanoparticle devices containing
different fullerene acceptors. a)

Acceptor
PrC60MA
PTEG-1
ITIC
N2200
a)

JSC (mA/cm2)
2.7
5.1
4.2
1.3

VOC (V)
0.58
0.58
0.34
0.50

FF
0.47
0.44
0.32
0.33

Pmax (mW/cm2)
0.74
1.29
0.46
0.22

Device performance is the best achieved, not an average value.

Although the device performance could not be improved by substituting PCBM with a
different fullerene derivative, it would be of interest to known if a core-shell morphology is
still present inside the nanoparticle. Figure 3.18 shows the Cryo-TEM pictures of the
PDPP5T:PrC60MA and PDPP5T:PTEG-1 nanoparticles. Both nanoparticles display a coreshell morphology although in this case the contrast between the core and shell is not as clear
compared to PDPP5T:PC61BM nanoparticles. Possibly the oligoethylene oxide side chains
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hamper the stacking of the fullerene lowering the density and therefore contrast in TEM. A
different analysis technique would be required to analyze the composition of a possible core
and shell phase separation.
a)

b)

Figure 3.18: Cryo-TEM images of PDPP5T:PrC60MA (a) and PDPP5T:PTEG-1 (b) nanoparticles.

In addition to fullerene acceptors, the non-fullerene materials ITIC and N2200 have been
utilized in the nanoparticle synthesis. As is summarized in Table 3.10, solar cell devices of
PDPP5T:ITIC and PDPP5T:N2200 nanoparticles have a very poor performance. DLS
measurements showed that the low stability of PDPP5T:ITIC nanoparticles caused
aggregation resulting in a significant amount of leakage current in the device. The DLS and
J–V measurements are illustrated in Figure 3.19. Increasing the amount of surfactant
concentration in the dispersion to avoid aggregation resulted in de-wetting of the particles.
Optimizing the surfactant concentration to avoid aggregation and de-wetting of the active
layer was very tricky for this particular material combination. In addition to a low device
performance this severly affects the reproducibility of the solar cells. The observed
instability for PDPP5T:ITIC nanoparticles compared to PDPP5T:PCBM nanoparticles could
be related to a different degree of mixing between the donor and acceptor and different
aggregation behavior of the non-fullerene acceptor. ITIC-based acceptors have contributed
to a performance boost in organic solar cells, especially for benzodithiophene (BDT) based
polymer donors. However, selecting polymer donors for non-fullerene solar cells based on
their energy levels and complementary absorption does not always result high performance.
At present, the morphology formation of polymer:ITIC mixtures is not fully understood and
general optimization tricks for fullerene-based BHJs do not always seem to hold. This is
mainly because of different solubility, stacking and aggregation, and mixing of the ITIC
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derivative in the polymer materix compared to fullerenes. Li and co-workes showed that
ITIC in combination with diketopyrolopyrole (DPP) polymers does enhance the spectral
absorbtion width of the solar cells, however, due to a non-optimal morphology DPP:ITIC
BHJs are lower in efficiency with respect to the DPP:PCBM devices. PDPP5T:ITIC devices
processed from a chlorinated solution have shown to give a PCE of 4.1% (JSC = 9.6 mA/cm2,
VOC = 0.69 V, FF = 0.61).50
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Figure 3.19: DLS measurements (a) and J–V measurement (c) of PDPP5T:ITIC nanoparticles along
with DLS measurements (b) and J–V measurement (d) of PDPP5T:N2200 nanoparticles.

No aggregation was observed by DLS for PDPP5T:N2200 nanoparticles as is shown in
Figure 3.19b. However, compared to small molecule acceptors this polymer acceptor
resulted in significantly larger particles of ~100 nm. Increasing the surfactant concentration
in the water phase, lowering the concentration of the materials in the chloroform solution
and increasing the power of sonication from 30% to 40% amplitude did not result in a
significant reduction of the particle size. Spin coating of the nanoparticles after optimizing
the SDS concentration resulted in good coverage of the substrate, except for the onset of the
ITO patches. Figure 3.20a shows that at the edges of the ITO contact on the glass substrate
the active layer is thinner or even absent. As can be observed in the J–V curve in Figure
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3.19d this results in a significant amount of leakage current lowering the performance of the
device. AFM measurements of the active layer showed good coverage of the substrate with
a low roughness of Rq = 6 nm. Around the onset of the ITO patches holes of several
micrometers could be observed.
a)

b)

c)

Figure 3.20: Solar cell device having a PDPP5T:N2200 NP active layer in between PEIE modified
ITO and MoO3/Ag contacts (a). The active layer morphology was studied by AFM of which the height
image are shown for the bulk active layer (image size is 3 μm × 3 μm, height scale is 40 nm) (b) and
active layer around the onset of the ITO patches (image size is 10 μm × 10 μm, height scale is 50 nm)
(c).

3.8 CONCLUSION
We have investigated solar cells based on PDPP5T and PC61BM processed from aqueous
nanoparticle dispersions. The size of the mixed PDPP5T:PC61BM nanoparticles can be
controlled by varying the surfactant (SDS) concentration at the beginning of the
miniemulsion process. The SDS concentration in the NP dispersion used for preparing the
photovoltaic layers is important in the film forming process. A too high SDS concentration
causes de-wetting, while a too low concentration results in aggregation of the NPs. Both give
rise to shorted devices and limit the reproducibility of the device performance. By controlling
the amount of free and surface-bound SDS via measuring the conductivity and zeta potential
of the dispersions, solar cells could be made more reproducibly.
We further showed that (i) replacing PC61BM by PC71BM to increase light absorption or (ii)
addition of ethanol to the dispersion, or (iii) aging the dispersion for one day results in
improved performance. Aging for one day results in a reduction of the surface charge of the
NPs and improves film formation. Optimized NP cells based on PDPP5T with PC61BM and
PC71BM gave a power conversion efficiencies of 2.0% and 2.4%, respectively.
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The PCEs of the PDPP5T:PCBM NP solar cells still fall short compared to optimized bulkheterojunction solar cells. This is caused by a non-optimized morphology which results in
more pronounced bimolecular recombination which reduces the fill factor and limits the
optimal thickness of the photoactive layer to a range where a too small fraction of light is
absorbed, reducing the short-circuit current density. Cryo-TEM suggest that the NPs possess
a core-shell-like morphology with PDPP5T dominating in the shell of the particle and PCBM
in the center. This hampers electrons to be collected and thereby enhances bimolecular
recombination.
Substituting the fullerene acceptor in an attempt to avoid the core-shell morphology of
PDPP5T:PCBM nanoparticles resulted in a steep lowering of the device performance. Due
to a lack of contrast in TEM between the polymer and non-fullerene acceptor phases, this
technique is not suitable for determining the morphology within a nanoparticle. Therefore,
the question on the presence or absence of a core-shell morphology remains unanswered. In
addition, the miniemulsion technique optimized for PDPP5T:PCBM nanoparticle synthesis
could not be directly translated to different acceptor materials. Although literature results do
show its versatility to different polymer donors. In addition to the different aggregation
behavior of non-fullerene acceptors and their mixing with the polymer material, our results
suggest that also the compatibility of the surfactant molecule with the conjugated matrix
should be taken into account for the processing of NPs for organic solar cells.
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3.9 EXPERIMENTAL
Nanoparticle Synthesis: PDPP5T52 and PC61BM or PC71BM (Solenne BV) were dissolved in a 1:2
weight ratio in chloroform (30 mg in 0.75 mL) and stirred for 1 h at 90 °C. Separately, a solution of
SDS (Acros Organics) in ultra-pure water was prepared having different concentrations. The
chloroform solution was added to the aqueous SDS solution under vigorous stirring. The emulsion was
then directly sonicated with a Sonics Vibracell VC 750 (Sonics & Materials Inc.) for 4 min. at 30%
amplitude. The resulting miniemulsion was stirred for 4 h at 60 °C in a round bottom flask heated by
an oil bath to evaporate chloroform. Excess SDS was removed by dialysis utilizing a dialysis tubing
(10 kDa, 10 mm flat width) (Sigma Aldrich) and stirring overnight in 5 L water. After overnight
dialysis the water was refreshed and dialysis was continued until the desired conductivity was reached.
To increase the concentration of the dispersion to 37.5 mg/mL it was concentrated by centrifugal
dialysis utilizing Amicon Ultra-4 Centrifugal Filters with a 10 kDa membrane (Milipore) at 2000
relative centrifugal force.
PC61BM nanoparticles for cryo-TEM analysis were synthesized by precipitating a 0.75 ml chloroform
solution containing 30 mg PC61BM in a 15 mM SDS in water solution. This was sonicated for 4 min.
at 30% amplitude after which the chloroform was evaporated at 60 °C. Similarly, PDPP5T
nanoparticles for cryo-TEM have been fabricated starting from a 40 mg/ml solution in chloroform
which was precipitated in a 41.2 mM SDS in water solution.
PrC60MA and PTEG-1 have been purchased from Solenne BV, ITIC from Solarmer Materials Inc. and
N2200 from Polyera. The nanoparticle preparation is similar as described above, with a
PDPP5T:acceptor ratio of 1:2 for PrC60MA, 1:2 for PTEG-1, 1:1.5 for ITIC, and 1:1 for N2200.
Solar cell fabrication: Photovoltaic devices were made by either spin coating a ZnO sol gel layer or
ethoxylated-polyethylenimine (PEIE) layer on cleaned, patterned indium tin oxide (ITO) substrates in
air (14 Ω per square) (Naranjo Substrates). The ZnO sol gel was prepared by dissolving Zn(OAc)2
(Sigma Aldrich) (109.6 mg) in 2-methoxyethanol (Sigma Aldrich) (1 mL), and adding ethanolamine
(Sigma Aldrich) (30.2 µL). Then the mixture was stirred at room temperature for at least 1 h. This sol
gel was spin coated at 4000 rpm and annealed for 5 min. at 150 °C under ambient conditions. PEIE
dissolved in 2-propanol (2.24 mg/mL) was spin coated at 5000 rpm and annealed at 150 °C for 10 min.
NPs were spin coated on top of the electron transporting layer and dried for 5 min. at 110 °C. To wash
off the surfactant, the devices were washed in a water/ethanol mixture (500 mL, 50:50 v/v) for 30 min.
under continuous stirring. Subsequently, the layers were dried for 5 min at 110 °C to remove the water
after which they were transferred to a glovebox, where they were annealed at 140 °C for 10 minutes.
To make a BHJ PDPP5T and PC61BM were dissolved in a 1:2 weight ratio in chloroform to a
concentration of 18 mg/mL to which 4.8 vol.% o-DCB was added. This solution was spin coated at
2000 rpm on a glass/ITO/PEIE substrate to obtain an active layer thickness of 100 nm. The devices
were finished by evaporating MoO3 (10 nm) and Ag (100 nm) as top electrode under a vacuum of ~3
× 10−7 mbar. The active area of the cells was 0.09 or 0.16 cm2, which gave similar results.
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Characterization: DLS was measured with a Malvern Zetasizer µV on diluted samples (~0.09
mg/mL) at 25 °C. The laser wavelength was 832 nm and measurements were performed in disposable,
plastic, low-volume cuvettes. DLS measures the hydrodynamic diameter. For a non-spherical particle,
DLS will give the diameter of a sphere that has the same average translational diffusion coefficient as
the particle being measured. The mean particle size was calculated by integrating the intensity
distribution and the final result represents the average from five measurements. The standard deviation
is about 4%. Z-average sizes were not used because not all dispersions showed a unimodal particle size
distribution.
Conductivity and zeta potential (ZP) were measured with a Malvern instruments Zetasizer Nano-25 at
20 °C. In order to measure the conductivity of the dispersion during the dialysis, the dispersion was
removed from the dialysis tube, measured, and placed back in the same membrane to continue the
dialysis. For all devices prepared in this work (except those in Table 3.2) the conductivity of the
dispersions was measured. For ZP measurements diluted dispersions were used with a concentration
of 0.09 mg/mL. The laser wavelength was 532 nm and measurements were performed in disposable
folded cuvettes (Malvern Zetasizer Nano Series DTS1070).
TEM samples were prepared by floating of the active layer from a ZnO sol gel layer. The ZnO layer
was dissolved in acidified water after which the active layer was transferred to a 200 square mesh
copper grid. For analyzing the layers, a Tecnai G2 Sphere was used with a high tension of 200 kV at a
magnification range of 1150× to 80000× and corresponding defocus values of −10 µm and −400 nm,
respectively. To avoid beam damage to the sample the beam was blocked in low-dose mode while
moving to another position at the sample. For cryo-TEM, dispersions with a concentration of 3 mg/mL
were used and analyzed with a FEI Titan TEM. Samples were prepared by a Vitrobot where 3 µL of
the dispersion was placed on a 100 holey carbon coated 200 square mesh copper grid (Quantafoil,
R2/2). Excess of sample was removed by blotting with a filter paper and then the sample was frozen
in liquid ethane. The samples have been analyzed at a magnification range of 6500× to 61000× with a
defocus ranging from −20 µm to −250 nm.
AFM was measured in tapping mode using a Veeco MultiMode. PPP-NCHR-50 Tips were purchased
from Nanosense.
Optical absorption was measured with a PekinElmer Lambda 900 UV/vis/near IR spectrophotometer.
The absorption was measured on diluted dispersion and solution samples which had a concentration of
0.09 mg/mL and 0.06 mg/mL, respectively. The spectra were measured with respect to a reference
sample containing either water or a mixture of chloroform with 4.8 vol.% o-DCB. Films were prepared
by spin coating the solution and dispersion on a glass substrate containing an electron transporting
layer. Optical modeling was performed within the transfer matrix formalism using the complex
refractive index and the thicknesses of all materials in the layer stack as input. Calculations were
performed with Setfos 4.3 (Fluxim, AG, Switzerland).
J–V curves were measured under simulated solar light of 100 mW/cm2. This was achieved by a Hoya
LB100 daylight filter that was placed in between the solar cell and a tungsten–halogen lamp. To
perform a J–V sweep a Keithley 2400 sourcemeter was used. All measurements were conducted in
nitrogen-filled glove box. Device performances are quoted as maximum power (Pmax) (mW/cm2)
when the JSC was obtained from the J–V curve measured under simulated solar light of 100 mW/cm2,
and as PCE (%) when JSC was determined more accurately from the EQE by integrating the spectra
with the AM1.5G solar spectrum.
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EQE measurements were performed in a homebuilt set-up, which consists of a 50 W tungsten halogen
lamp (Osram 64610), a mechanical chopper (Stanford Research, SR 540), a monochromator (Oriel,
Cornerstone 130) and finally the device kept in a nitrogen filled box with a quartz window which was
illuminated through an aperture of 2 mm. This measurement was also performed in combination with
a continuous LED bias light with a wavelength of 730 nm (Thor Labs). The current of this bias light
can be adjusted such that an illumination intensity equal to AM1.5G is reached. The response was
recorded using a low noise current preamplifier (Stanford Research System SR 570) and lock-in
amplifier (Stanford Research Systems SR 830).
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SEM of P3HT:ICBA nanoparticles fabricated in methanol

CHAPTER 4
PROCESSING ACTIVE LAYERS
ON A WATER SUBSTRATE

Instead of processing active layers from water, this chapter discusses the results of using
water as a substrate for the preparation of organic photovoltaic layers. This is facilitated
by the spontaneous spreading method which has been performed using three different
donor polymers (PCE10, PCDTBT, and PDPP2T-TT) blended with PC61BM. The highest
PCE of 5.4% was achieved for PCE10 which, importantly, lacks the most in performance
compared to optimized spin-coated devices. A PCE of 5.2% was achieved by spontaneous
spreading of PDPP2T-TT BHJs which, interestingly, is higher than optimized spin-coated
active layers. This improvement is related to a morphological difference between the two
active layers confirmed by TEM. The latter results are a proof of concept for this new
coating method. Additionally we show that multiple layers can be processed on top of
each other without a loss in performance. Spontaneous spreading of PCDTBT also
reveals the possibility of processing multiple device layers in one deposition step by
adding a hole transport material to the water substrate. These features have not been
achieved before utilizing frequently used coating techniques (e.g. spin coating) and opens
new possibilities for organic solar cell fabrication.

This work has been published partly as: Colberts, F. J. M.; Wienk, M. M.; Heuvel, R.; Li, W.; Le Corre, V. M.;
Koster, L .J. A.; Janssen, R. A. J. Adv. Energy Mater. 2018. – accepted
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4.1 INTRODUCTION
An important parameter for the performance of organic solar cells is the phase separation
and crystallinity of the donor and acceptor domains. High crystallinity facilitates good
charge transport, resulting in increased current density (JSC) and fill factor (FF).1–3 Many
studies on polymer:fullerene mixtures have shown that the conformation of the backbone,1
length4 and branching5,6 of the side chains, addition of functional groups such as fluorine7–9
or silicon,10,11 and the molecular weight12–14 of the polymer are determining the stacking and
crystallinity of the polymer material affecting the hole transport properties. Fluorination is
one of the popular methods to optimize the properties of polymer and small molecule donor
and acceptor materials. Due to the electronegativity of fluorine, the energy of the highest
occupied molecular orbital (HOMO) is reduced. This has proven to result in higher opencircuit voltages (VOC). In addition, intermolecular interactions such as F---S and F---H
increase the planarity of the polymer backbone such that the HOMO can be more delocalized
and the π–π interaction in the preferred face-on orientation is enhanced.15,16
In order to achieve the desired electronic properties of conjugated materials, high control on
the assembly of polymer chains from disordered state in solution to crystalline films is
desired. This can be achieved by the Langmuir-Blodgett technique where a solution of
typically amphiphilic molecules is spread on a water surface resulting in a 2D monolayer at
the air/water interface.17 By compression of the resulting layer in the lateral direction the
density and in-plane packing can be tuned.18,19 By perpendicular emersion (or immersion) of
the substrate with respect to the water surface the monolayer can be transferred to a substrate.
The coating can also be transferred by a planar lifting technique with respect to the water
surface which is called the Langmuir-Schaefer method.20 Lo and co-workers showed that
diketopyrrolopyrrole (DPP) based amphiphiles form and edge-on oriented layer at the
water/air interface.21 By compression of the molecules the packing can be tuned which
resulted in the formation of bilayer and multilayers upon further compression. The
crystallinity of the transferred films was analyzed by grazing incidence wide-angle X-ray
scattering (GIWAXS) showing a high degree of order facilitating a good hole mobility
determined by organic field effect transistors (OFET).
Using water as a substrate, Kim and co-workers fabricated nanowires of poly(3hexylthiophene) (P3HT) for the application in OFET devices. They showed that the rate of
evaporation determines the morphology of the fibers which can be controlled by the solvent
(toluene or chloroform) and closing of the water vessel. Importantly, they observed that slow
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evaporation of the solvent results in very crystalline P3HT fibers which have a preferred
edge-on orientation. The latter is especially beneficial for charge transport in OFET devices
resulting in a mobility of 0.0856 cm2/Vs which is 48 times higher than spin-coated OFETs.22
These results prove that processing conjugated materials on a water substrate can be an
effective tool in the field of organic electronics for studying the impact of molecular order
on the charge transport properties.
To form a LB film, spreading of the compounds on a water surface is essential. This process
occurs by Marangoni flow, defined as the flow of low surface tension compounds towards
regions with higher surface tension, and is also known as spontaneous spreading, which is
schematically illustrated in Figure 4.1.23 When a droplet of a water-immiscible organic
solvent is placed on a water surface, the wetting behavior is determined by the spreading
coefficient:
Sow   w(o)   o(w)   ow

where SOW is the spreading coefficient of the organic liquid on a water surface, γw(o) is the
surface tension of water saturated with the organic liquid, γo(w) is the surface tension of the
organic liquid saturated with water, and γow is the interfacial tension between water and the
organic liquid.24 Surface tension results from an imbalance in intermolecular forces at the
surface of a compound. The greater the intermolecular forces (due to coulombic forces such
as hydrogen bonding) the higher its the surface tension. The interfacial tension has the same
unit as surface tension, mN/m, and reflects the difference between intermolecular forces
within the bulk liquid and the intermolecular forces between the two liquids. When the
spreading coefficient is positive it means that the liquid will spread, while a negative SOW
will result in the formation of a lens.25 The former is the case for example for chloroform
(Sow = 72.6 − 27.3 − 32.8 = 12.4 mN/m) and chlorobenzene (Sow = 71.6 − 33.6 − 37.4 = 0.6
mN/m).24

Figure 4.1: Schematic of the spontaneous spreading technique.
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It has been demonstrated by Noh and co-workers that the spontaneous spreading method can
be used for processing active layers in organic solar cells.26 poly[[4,8-bis[(2ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th), also known as PCE10, was
utilized as donor polymer which was dissolved along with [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM) in chlorobenzene utilizing 1,8-diiodooctane (DIO) as co-solvent.
Solar cell devices with comparable efficiency of 8.5% to spin-coated devices were reported.
The spontaneous spreading method takes its advantage in the ability to process PTB7(Th):PCBM devices under ambient conditions while spin coating requires an inert
environment. It is suggested that remaining solvent in the layer facilitates oxygen infiltration
during the spin coating and drying processes causing cleavage of the alkoxy groups and
insertion of oxygen into the carbon-carbon double bonds in the backbone, disrupting he πconjugation. Such kind of degradation was not detected for films prepared by spontaneous
spreading due to the rapid solvent removal with this method. Interestingly, Noh and coworkers show that the spontaneous spreading method for solar cell fabrication can be
translated into a large-scale production process.26
In this work, active layers have been made by the spontaneous spreading technique utilizing
the three different donor polymers, PTB7-Th, poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), and a

diketopyrrolopyrrole

(DPP2T-TT) polymer where the DPP unit is spaced by two thiophenes (2T) and a
thienothiophene (TT) having decyl-tetradecyl side chains on the DPP unit facilitating
solubility (Figure 4.2). These polymer donors are mixed with the acceptor PC61BM. The
performances of the resulting active layers fabricated by spontaneous spreading are
discussed in the next sections and compared to the widely used spin coating technique.
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Figure 4.2: Chemical structures of donor polymer utilized for spontaneous spreading.

4.2 PCE10 ACTIVE LAYERS
Spontaneous spreading of PTB7-Th and PTB7 combined with PC71BM has been first
demonstrated by Noh and co-workers. In this section, their processing method was used as
a starting point in an attempt to reproduce their results. The results obtained in this work are
discussed in the following pages.

4.2.1 SPIN-COATED DEVICES
Although the majority of reports show that PTB7-Th results in a reasonably good
performance of ~8%27–31, solvent optimization32,33 and improved light harvesting34,35 within
the devices resulted in breaking the 10% efficiency milestone for organic solar cells. This
achievement led to the nickname PCE10 for the donor polymer PTB7-Th. Based on the
chemical structure of PTB7-Th new benzodithiophene based polymers have been developed
which proved to be efficient donor materials in combination with non-fullerene acceptors.
The absorption gain by incorporating non-fullerene acceptors increased the performance of
organic solar cells to above 12%.36 Despite the high performance of PCE10, it is known that
it degrades fast under ambient environment (oxygen, humidity, and UV light) due to its ease
of photooxidation.26,35,37,38 This may be an explanation for the poor device performance
achieved in this work for spin-coated active layers in air as is summarized in Table 4.1. All
parameters (JSC, VOC and FF) could be increased by spin coating the active layer in a nitrogen
filled glovebox resulting in the highest PCE of 7.5% (after correcting JSC by integrating the
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external quantum efficiency (EQE) spectrum which is depicted in Figure 4.3b) for a rather
thin active layer. Interestingly, eliminating only the negative influence of humidity on
PCE10 active layers could also improve the device performance with respect to air processed
devices. This can be concluded from the performance of spin-coated active layers in a
glovebox filled with dry air. After EQE correction a PCE of 7.1% was obtained. It seems
that the oxygen containing environment does not result in degradation of the polymer during
processing. It could however have a negative effect upon storage of the cells in oxygen
environment. The J–V curves depicted in Figure 4.3a show the improvement of the device
performance upon spin coating in the glovebox with the highest performance obtained in a
nitrogen filled glovebox. The EQE of this device (Figure 4.3b) does not show a light intensity
dependence performance and can be as high as 75%.
Table 4.1: Device characteristics of PCE10:PC61BM solar cells spin coated under different
conditions.a)

d (nm)

JSC (mA/cm2)

VOC (V)

FF

SC – Air
SC – N2
SC – N2
SC – Dry air

67
76
99
102

13.2
15.2
15.1
14.6

0.71
0.79
0.77
0.80

0.47
0.65
0.56
0.62

Pmax
(mW/cm2)
4.4
7.8
6.5
7.2

Performance is the average of 4 devices.

Current density (mA/cm2)

a)

b) 0.8

10
5

Air
Nitrogen
Dry air

0.7
0.6

0

0.5

EQE

a)

Processing

-5

0.4
0.3

-10

0.2
-15
-20
-2.0
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Bias (V)

0.0
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Figure 4.3: J–V curves of PCE10:PC61BM devices spin coated under different environmental
conditions (a) along with the EQE of the best obtained device processed in a nitrogen filled glovebox
(b).
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4.2.2 SPONTANEOUS SPREADING DEVICES
In contrast to the required inert environment for spin-coated (SC) devices (concluded from
Table 4.1) it has been demonstrated by Noh and co-workers that PCE10:PC71BM active
layers can be fabricated by spontaneous spreading in air. In this work, spontaneous spreading
(SS) is performed on a mixture of PCE10 with PC61BM in a 1:1.5 ratio dissolved in
chlorobenzene/1,8-diiodooctane which is placed on the surface of a water filled Petri dish
with an Eppendorf pipet to control the deposited volume. A good control over the active
layer thickness and high homogeneity is required to obtain reproducible solar cell results. As
shown in Figure 4.4a, the PCE10:PC61BM layer floating on water is very homogeneous. The
layer can be transferred to a substrate by stamping a ZnO coated glass substrate from the
film/air interface, punching out a square of the floating layer. The resulting active layers on
a substrate are depicted in Figure 4.4b-d. Increasing the deposition volume on the water
surface from 8 µL, via 12 µL, to 15 µL resulted in an increased layer thickness to 22 nm and
36 nm for the deposition of 12 µL and 15 µL, respectively. The thickness of the thinnest
active layer achieved by the 8 µL deposition could not be measured accurately. Figure 4.4
shows that this layer is very hazy. This could be a result of cracking of the layer, indicating
that the transfer method requires some degree of mechanical strength of the layer. Increasing
the deposition volume increased the thickness and rigidity of the active layer improving the
transfer step and homogeneity. The thickness of the floated layer could also be enhanced by
increasing the concentration of the solution or reducing the size of the Petri dish. These
observations suggest that spontaneous spreading of PCE10:PC61BM is limited to the
deposition of ≥ 35 nm thick layers, which is well below the common active layer thickness
for organic solar cells of 100 nm. Figure 4.5 proves that the resulting active layer has a good
uniformity as multiple thickness measurements at different spots of the ZnO coated glass
substrate show only minor deviations between the results.
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a)

c)

b)

d)

Figure 4.4: Spontaneous spreading of PCE10:PC61BM (1:1.5 ratio having a total concentration of 32
mg/mL) on a water surface (a). The layer can be transferred to a ZnO coated glass substrate after the
spreading of 8 µL (b), 12 µL (c), or 15 µL (d) of the solution.

Figure 4.5: Schematic drawing of the square glass substrate indicating the thickness of the deposited
active layer by spontaneous spreading at different spots.

By stamping a single floating layer on a ZnO coated glass/ITO substrate, solar cells were
fabricated in an inverted device configuration having a MoO3/Ag top contact. Table 4.2
shows that a moderate performance was achieved for single layer devices and that it could
be enhanced by mild thermal annealing for 10 min. at 70 °C. This annealing condition was
also found to be beneficial for bilayer devices, in which two nominally identical layers are
transferred sequentially on top of each other. This is in agreement with the results reported
by Noh and co-workers. Table 4.2 shows that post treatment results in a significant
improvement of the VOC while the other parameters remain similar. The improvement in VOC
can be observed in the J–V curves depicted in Figure 4.6 and may originate from a better
contact between the active layer and the ZnO bottom contact. EQE measurements shown in
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Figure 4.6b show that both annealed single layer and annealed bilayer devices experience a
significant decrease in EQE when increasing the light intensity, indicating charge carrier loss
by bimolecular recombination. This is in consistence with the low FF of the devices and the
poor charge extraction around JSC as can be noted by the slope of the J–V curves at V = 0 V.
Figure 4.6a shows that the current density increases with increased reverse bias, indicating
that the devices are not limited by charge carrier generation, but rather by charge transport
or collection.
Table 4.2: Performance of PCE10:PC61BM devices processed by spontaneous spreading. a)

Annealing

d (nm)

1
1
2
2

No
Yes
No
Yes

74
64
152
147

JSC
(mA/cm2)
8.4
8.9
6.5
8.3

VOC (V)

FF

0.63
0.76
0.69
0.76

0.40
0.41
0.38
0.37

Pmax
(mW/cm2)
2.1
2.8
1.7
2.3

Characteristics are the average of 4 devices.
a)

9

Current density (mA/cm2)

6
3
0

b)
Spontaneous spreading
PCE10:PC61BM

0.5

1 layer
1 layer, 70°C
2 layers
2 layers, 70°C

0.4

EQE

a)

Layers

-3

0.3

0.2

-6
-9

Annealed at 70 °C
1 Layer - w/o bias
1 Layer - w/ bias
Bilayer - w/o bias
Biayer - w/ bias

0.1

-12
-1.5

-1.0

-0.5

Bias (V)

0.0

0.5

1.0

0.0
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Figure 4.6: Effect of thermal annealing on the J–V characteristics of single layer and bilayer devices
(a). Bias dependent EQE measurements of a single layer (red symbols) and a bilayer device (green
symbols) without (open symbols) (integrated JSC = 9.45 mA/cm2 for a single layer device and JSC =
9.54 mA/cm2 for a bilayer device) and with (closed symbols) (integrated JSC = 7.42 mA/cm2 for a single
layer device and JSC = 7.80 mA/cm2 for a bilayer device) 730 nm bias light.

In contrast to the high PCEs obtained by Noh and co-workers when fabricating PCE10 active
layers under ambient conditions by the spontaneous spreading technique, our results suggest
a significant performance loss compared to spin-coated devices in nitrogen environment. It
has been reported for PCE10 devices, spin coated under ambient conditions, that the
performance can be improved by washing the active layer with methanol (MeOH). This is
thought to remove residual co-solvent from the layer and hamper the penetration of oxidizing
species.37,39 The layers fabricated by spontaneous spreading were transferred to a device
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substrate after which a droplet of methanol was spin coated over the layer. Table 4.3 shows
that methanol treatment enhances the VOC and JSC of the devices, but the performance
remains low compared to devices spin coated in nitrogen environment. The best PCE
achieved after washing with methanol is 3.4%, having a highest EQE up to 50% (Figure
4.7b). Although the J–V curves in Figure 4.7a clearly show the benefit of the methanol flush,
the performance of the devices remains limited. There is a substantial leakage current in the
reverse bias regime. In addition, the photocurrent density increases in the reverse bias
regime. The light intensity dependent EQE measurements depicted in Figure 4.7c show that
the methanol flush does not remove the very strong dependence of EQE on light intensity,
showing that bimolecular recombination remains strong. This is also reflected in the FFs,
which remain low. Prior to a decrease in EQE with increasing light intensity an increase of
approximately 5% can be observed. This may originate from the leakage current of the
device limiting the EQE at low light intensity.
Table 4.3: Effect of methanol treatment on the device performance of PCE10:PC61BM solar cells
fabricated by spontaneous spreading.

Processing

d (nm)

One layer
One layer + MeOH
Bilayer
Bilayer + MeOH

71
64
86
107

4
0

FF

PCE (%)

0.68
0.76
0.70
0.78

0.41
0.45
0.39
0.36

1.5
3.4
1.5
2.4

1 layer - Ambient
Dark
Light
1 layer - Ambient + MeOH
Dark
Light

c)
0.5

0.4

Spontaneous spreading
PCE10:PC61BM

55

50

1 layer
1 layer + MeOH
Bilayer
Bilayer + MeOH

45

0.3

EQE

8

VOC (V)

b)

12

EQE

Current density (mA/cm2)

a)

EQE
J SC
(mA/cm2)
5.6
9.9
5.5
8.3

40

-4
0.2

35

0.1

30

-8
-12
-16
-2.0

-1.5

-1.0

-0.5

Bias (V)

0.0

0.5

1.0
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300

25

400

500

600

Wavelength (nm)

700

800

0.1

1

10

100

Photon flux (1015 cm-2 sec-1)

Figure 4.7: Effect of methanol washing on the J–V (a) and EQE (b) characteristics of a single layer
and bilayer PCE10:PC61BM solar cells fabricated by spontaneous spreading. The EQE curves plotted
in Figure b correspond to the measurements when a 730 nm bias light is applied. The effect of methanol
washing on the carrier recombination has been investigated by light intensity dependent EQE
measurements using 730 nm bias light (c).
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As PCE10 is known for its fast degradation under ambient conditions, this could be an
explanation for the low performances obtained compared to spin-coated devices in nitrogen.
In an attempt to improve the performance and avoid degradation effects of PCE10 on the
performance of the devices, spontaneous spreading was performed inside the glovebox.
Consistent with the results of spin-coated active layers, improved performance could be
achieved when spreading the active layers in a nitrogen or dry air filled glovebox as is
summarized in Table 4.4. The best device (entry 2 in table 4.4) was processed in a nitrogen
filled glovebox with a PCE of 5.4% after EQE correction. The J–V curve of this device is
shown in Figure 4.8a and is compared to a spin-coated device in nitrogen. It can be observed
that the FF of the spontaneous spreading devices is rather low having a maximum value of
0.59 for the thinnest device. Due to the thin active layer, charge extraction is improved as
charge recombination is reduced while the carriers are transported towards the contacts.
Although this has a positive effect on the FF, the low light absorption of thin films decreases
JSC as can be observed in Table 4.4 and the J–V curve in Figure 4.8a. Due to the thin active
layer, only a minor intensity dependence in the EQE can be observed in Figure 4.8b proving
reduced bimolecular recombination within this device at short circuit. Increasing the active
layer thickness for N2-processed devices resulted in an improved current density which is
cancelled out by a reduction of the FF. Similar results can be obtained when spreading the
active layer in a dry air environment with a maximum PCE of 4.6% (after EQE correction).
The EQE measurements of this device (Figure 4.8b) show a significant performance drop
upon bias illumination which is expected for a non-optimal FF. In addition, it can be noted
in Table 4.4 that the reproducibility of the high performing devices is modest. This could be
related to practical issues of performing the spontaneous spreading method in a glovebox,
hampering the uniformity of the spreading layer. The device characteristics summarized in
Table 4.4 stress the importance of processing PCE10 active layers in an inert environment.
However, it seems contradictory that the processing environment plays such an important
role in the spontaneous spreading technique considering that the active layers are processed
on a water substrate. Apparently, water from the atmosphere has a role that differs from
liquid water being the substrate.
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Table 4.4: Characteristics of PCE10:PC61BM devices processed in glovebox environments by spin
coating (SC) and spontaneous spreading (SS).a)

Processing

d (nm)

SC – N2

76

SS – N2
Glovebox
SS – N2
Glovebox
SS – Dry air
Glovebox

48b)
89
128

JSC
(mA/cm2)
15.4
(15.2 ± 0.2)
12.1
(11.4 ± 0.8)
13.2
(13.1 ± 0.1)
13.0
(12.9 ± 0.2)

VOC (V)

FF

0.79
(0.79 ± 0.01)
0.79
(0.72 ± 0.13)
0.79
(0.77 ± 0.04)
0.80
(0.71 ± 0.15)

0.67
(0.65 ± 0.03)
0.59
(0.53 ± 0.09)
0.50
(0.48 ± 0.04)
0.50
(0.46 ± 0.05)

Pmax
(mW/cm2)
8.4
(7.8 ± 0.5)
5.6
(4.5 ± 1.7)
5.3
(4.9 ± 0.6)
5.2
(4.3 ± 1.2)

a)

Performance of the best solar cell device with the average of 3 or 4 devices ± standard deviation
reported in parentheses.
b) One layer device while the other solar cells consist out of two active layers processed on top of each
other.
b)

12
9

SC N2

6

SS Dry air

0.6

SS N2

0.5
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0.4
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a)
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0.0

0.5

1.0

0.0
300

SS, N2 w/o bias: 11.73 mA/cm2
SS, N2 w/ 730 nm bias: 11.56 mA/cm2
SS, Dry air, w/o bais: 13.19 mA/cm2
SS, Dry air, w/ 730 nm bias: 11.53 mA/cm2

400

500

600

700

800

900

Wavelength (nm)

Figure 4.8: J–V curves of PCE10:PC61BM devices by spontaneous spreading (SS) under nitrogen
(squares) and dry air (triangles) compared to an optimized spin-coated (SC) device under nitrogen
(solid line without symbols) (a). EQE of the best obtained devices by spontaneous spreading in nitrogen
(square symbols) and dry air environment (triangles) (b). The open symbols are without applied bias
illumination and the closed symbols are with 730 nm bias illumination.

To avoid the practical issue of spontaneous spreading in a glovebox, instead, spontaneous
spreading was performed while covering the petri dish with a flow box connected to either
a nitrogen or dry air inlet. Table 4.5 shows that a better performance could be obtained
compared to air processed devices. However, again some fluctuations in the results could be
observed and the performance does not reach the one of optimized spin-coated devices.
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Table 4.5: Characteristics of PCE10:PC61BM devices processed utilizing a gas flow system.a)

Processing
SS – Dry air
flow
SS – N2 flow
SS – Air

d
(nm)
114
123
147

JSC
(mA/cm2)
10.8
(10.6 ± 0.2)
10.3
(10.2 ± 0.1)
8.8
(8.3 ± 0.5)

VOC (V)

FF

0.77
(0.65 ± 0.21)
0.77
(0.68 ± 0.15)
0.76
(0.76 ± 0.00)

0.44
(0.41 ± 0.05)
0.43
(0.41 ± 0.03)
0.38
(0.37 ± 0.01)

Pmax
(mW/cm2)
3.6
(2.9 ± 1.2)
3.4
(2.9 ± 0.8)
2.5
(2.3 ± 0.2)

a)

Performance of the best solar cell device with the average of 3 or 4 devices ± standard deviation
reported in parentheses.

Although the performance of spontaneous spreading BHJs could be significantly improved
when processing in dry air or nitrogen environment, the performance is not comparable to
that of spin-coated devices. An explanation might be a difference in active layer morphology
by the two processing methods. The morphology of the two active layers has been analyzed
by TEM which is depicted in Figure 4.9. The spin-coated active layer was processed in dry
EQE
air environment having a performance of 7.1% ( J SC
= 13.9 mA/cm2, VOC = 0.80 V, FF =

0.64) in an inverted device architecture. The ZnO electron transport layer could be dissolved
in acidic water (0.1 M HCl) resulting in a floating active layer that could be transferred to a
TEM grid. Both layers show well mixing between the polymer and PCBM materials, lacking
dark colored PCBM domains. In addition, both layers show small crystalline domains on the
same length scale suggesting that the morphology of the active layers made by both
processing techniques are very similar. However, looking at micrometer scale to the active
layer morphology by atomic force microscopy (AFM) does reveal a significant difference.
The AFM images are illustrated in Figure 4.10. When PCE10:PCBM active layers are
fabricated by spin coating in a nitrogen environment a homogeneous layer is formed having
a root mean square roughness (Rq) of 1.9 nm. The roughness is significantly higher when
processing the same material blend by spontaneous spreading which could only be slightly
suppressed by the spreading in a nitrogen environment. The roughness of the active layers is
Rq = 10.9 nm and 13.9 nm for spontaneous spreading in nitrogen and ambient conditions,
respectively. The high roughness of the active layer can hamper its contact to the electrodes
for charge collection. This could possibly explain the lack in JSC and FF of the PCE10 device
made by spontaneous spreading.
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a)

b)

Figure 4.9: TEM of a spin-coated PCE10:PC61BM active layer from a mixture of 3 vol.% DIO in
chlorobenzene (a) compared to the morphology of a PCE10:PC61BM device fabricated by spontaneous
spreading (b).
a)

b)

c)

Figure 4.10: AFM height images (5 μm × 5 μm) of PCE10:PCBM BHJs fabricated by spin coating in
a nitrogen filled glovebox (a), spontaneous spreading in a nitrogen filled glovebox (b), and spontaneous
spreading under ambient conditions (c). Height scales are 12, 70, and 100 nm for (a), (b), and (c)
respectively.

4.2.3 CONCLUSION
Spin-coated active layers of PCE10:PC61BM evidence the importance of processing this
active layer in nitrogen or dry air environment. In contrast to the results of Noh et al., our
work reveals the necessity of an inert environment for spontaneous spreading of
PCE10:PC61BM layers. A highest PCE of 5.4% has been achieved by the spontaneous
spreading method which is a proof of principle for this new coating method. Compared to
spin-coated devices the performance lacks in JSC and FF. Interestingly, the nanomorphology
of the active layers is very similar, but a significant increase in layer roughness has been
found by AFM. This could hamper the charge collection at the electrodes, being a possible
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explanation for the deteriorated performance upon spontaneous spreading of the active layer.
Furthermore, the effect of the water substrate on the degradation of the active layer cannot
be excluded.

4.3 PCDTBT ACTIVE LAYERS
Better stability to oxygen can be expected when PCDTBT is used as donor material in the
active layer. Its deeper HOMO energy level of ~ −5.6 eV versus ~ −5.2 eV of PCE10
facilitates a better stability against oxidation by air which occurs at a threshold voltage of ~
−5.3 eV.28,40 It has been shown by Sun and co-workers that the addition of PCDTBT to a
PCE10:PC71BM BHJ results in a better air stability. Storing the cell for one week in air
resulted in a performance decrement of 30% for the ternary cell while the binary PCE10 BHJ
retained only 44% of its initial performance.28 Despite the stability of PCDTBT towards
oxidation, literature results suggest the requirement of nitrogen environment for spin coating
a PCDTBT:PCBM active layer.41–43 Optimized PCDTBT:PC71BM BHJs can result in a
device performance up to 7%.43
All PCDTBT BHJs discussed in this section have a regular architecture where poly(3,4ethylenedioxythiophene)–poly(styrene sulfonate) (PEDOT:PSS) is the bottom hole transport
layer and LiF/Al is the top contact. Spin coating PCDTBT with PC61BM in nitrogen
environment from a hot (70 °C) solution resulted in the best device performance (Table 4.6).
As hot solution processing is not convenient for the spontaneous spreading method devices
from room temperature solutions have been processed resulting in light decrease in
performance. It can be noted that oxygen and humidity do not affect the device performance
as the performance does not improve when processing the active layer in nitrogen
environment. This is the result of the low lying HOMO level of PCDTBT possibly
hampering oxidation additionally causing the relatively high VOCs reported in Table 4.6. For
spontaneous spreading, addition of a high boiling point solvent is required to facilitate the
transfer of a floating film to a device substrate. This will be discussed in more detail in
section 4.4. For comparison, spin-coated PCDTBT:PC61BM devices have been fabricated
from chlorobenzene containing 10 vol.% DIO. A significant drop in PCE towards 2.5% (
EQE
= 5.4 mA/cm2, VOC = 0.81 V, FF = 0.56) was found for an active layer thickness of
J SC

114 nm. Figure 4.11 shows the effect of DIO on the J–V and EQE characteristics of the
PCDTBT devices. All the J–V parameters of the solar cell degrade upon co-solvent addition
which is likely the effect of non-optimal phase separation of the donor and acceptor material.
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The lower JSC measured by J–V characteristics corresponds to the lower EQE obtained after
co-solvent addition. Remarkably, both devices with or without DIO do not show a light
intensity dependent EQE which may indicate that the bimolecular recombination at short
circuit within the devices is not severely affected by the co-solvent addition.
Table 4.6: Device performance of PCDTBT:PC61BM solar cells made by spin coating under different
environmental conditions.

Processing

d (nm)

Ambient – Hot
Ambient
Nitrogen

100
107
102

b)

6
4

Current density (mA/cm2)

7.1
6.7
6.7

SC from CB, Ambient
SC from CB + DIO, Ambient
SS Single layer
SS Single layer, Dark

VOC (V)

FF

PCE (%)

0.86
0.89
0.85

0.63
0.59
0.62

3.8
3.5
3.5

0.5

0.4

2
0.3

0

EQE

a)

EQE
(mA/cm2)
J SC

-2

0.2

-4
0.1

-6
-8
-2.0

-1.5

-1.0

-0.5

Bias (V)

0.0

0.5

1.0

0.0
300

SC from CB, Ambient
w/o bias: 6.90 mA/cm2
w/ bias: 6.75 mA/cm2
SC from CB + DIO, Ambient
w/o bias: 5.75 mA/cm2
w/ bias: 5.43 mA/cm2

400

500

600

700

800

Wavelength (nm)

Figure 4.11: J–V measurements of PCDTBT:PC61BM solar cells processed under ambient conditions
by spin coating from chlorobenzene (CB) (black solid line), spin coating from CB containing 10 vol.%
DIO (red solid line), and processed by spontaneous spreading (blue solid line representing the light
measurement and blue dotted line being the dark measurement) (a). EQE measurements of
PCDTBT:PC61BM solar cells fabricated by spin coating from pure CB in air (black symbols) and CB
containing 10 vol.% of DIO (red symbols) (b). The EQE measurements have been performed with low
intensity probe light (open symbols) and additional 530 nm bias illumination (closed symbols).

To facilitate the transfer of a PCDTBT active layer from a water substrate to a device
substrate, an additional PCDTBT only layer was found beneficial. This layer was spin coated
on top of the PEDOT:PSS hole transporter with a thickness of about 20 nm. It was found
that PCDTBT:PC61BM layers floating on water could not be directly stamped on a device
substrate when no interfacial PCDTBT polymer only layer was utilized. In this case, the
layer would crack and detach from the substrate. Table 4.7 shows the performance of the
devices made by spontaneous spreading. For a single layer device, best performance (PCE
= 2.2% after EQE correction) could be achieved without post treatment of the active layer.
Remarkably, the performance is similar to the one achieved for spin-coated devices from a
mixture of chlorobenzene and DIO. Furthermore, the results summarized in Table 4.7 show
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minimal fluctuation in the results indicated by the low standard deviation. The J–V curve of
the single layer device fabricated by spontaneous spreading is plotted in Figure 4.11 which
shows that the device suffers from leakage current. This may explain its somewhat lower FF.
Processing multiple layers on top of each other requires a solvent vapor annealing step
(SVA) using chloroform to merge the two layers. This was found beneficial for PDPP2T-TT
as well. From the results presented in Table 4.7 it cannot be excluded that SVA results in a
small efficiency drop for a single layer device. Here, the increased layer thickness can play
a role as well. The bilayer device proves that a working solar cell device can achieved
containing two PCDTBT:PC61BM active layers.
Table 4.7: Device performance of PCDTBT:PC61BM solar cells made by spontaneous spreading. The
effect of solvent vapor annealing and amount of layers stacked on top of each other (L) is summarized.a)

Post
treatment
None
SVA
SVA
a)

L (#)
1
1
2

d
(nm)
125
154
188

JSC
(mA/cm2)
5.4 ± 0.1
4.8 ± 0.1
5.2 ± 0.2

VOC (V)

FF

0.85 ± 0.01
0.87 ± 0.00
0.85 ± 0.06

0.51 ± 0.01
0.45 ± 0.01
0.41 ± 0.04

Pmax
(mW/cm2)
2.3 ± 0.0
1.9 ± 0.1
1.8 ± 0.3

Performance is the average of 4 devices ± the standard deviation.

Compared to an optimized spin-coated PCDTBT:PC61BM BHJ, the JSC and FF are low for
an active layer processed by spontaneous spreading. This could be the effect of co-solvent
used in the spreading technique on the morphology formation of the donor and acceptor
domains. TEM, depicted in Figure 4.12, shows that spin-coated active layers have a well
intermixed morphology without clear formation of donor or acceptor domains. Coarser phase
separation can be observed when the active layer is fabricated by spontaneous spreading
(Figure 4.12c,d). Reduced donor/acceptor interface may cause a lower JSC in agreement to
the J–V curves plotted in Figure 4.11a. Apparently, this morphology is also not beneficial
for the charge carrier transport, expressed by the low FF of this device. The larger domain
size upon spontaneous spreading is in agreement to the increased roughness of the active
layer measured by AFM. Spin-coated active layers resulted in a Rq of only 0.7 nm while an
increase to 5.5 nm is observed when the active layer is processed by spontaneous spreading.
The AFM height pictures are illustrated in Figure 4.13.

94 | C h a p t e r 4

a)

b)

c)

d)

Figure 4.12: TEM images of PCDTBT:PC61BM active layers made by spin coating from
chlorobenzene (a, b) and spontaneous spreading from a 10 vol.% DIO mixture in chlorobenzene (c, d).
a)

b)

Figure 4.13: AFM images (3 μm × 3 μm) of PCDTBT:PC61BM active layers made by spin coating
from CB (a) and spontaneous spreading (b). Height scales are 5 and 30 nm for (a) and (b) respectively.
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In the results above, PEDOT:PSS is used as bottom hole transport layer which is spin coated
and subsequently thermally annealed. Commercial PEDOT:PSS is supplied as a dispersion
of polyelectrolytes in water where PEDOT is positively charged and PSS is the negatively
charged counter ion.44 Instead of using water as a substrate for the spontaneous spreading, it
was found that the water based dispersion PEDOT:PSS could be used as a substrate as well.
Best solar cell results were achieved when the commercial PEDOT:PSS dispersion (1.3-1.7
wt.%) was diluted five times with water. As can be seen in Figure 4.14 the PEDOT:PSS does
not hamper the spreading of the PCDTBT:PC61BM solution. The active layer can be
transferred to a bare glass/ITO substrate by scooping the layer from underneath. Excess
PEDOT:PSS/water was eliminated by leaving the device substrate perpendicular on a tissue
paper for at least 10 min. This processing method allows the deposition of two layers in a
one-step fabrication procedure. The performance of the resulting device is summarized in
Table 4.8 in which this new fabrication method is referred to as “one-step”. Interestingly,
the performance of this device is comparable to the “three-step” fabricated solar cell where
first the PEDOT:PSS layer is spin coated and annealed (1), followed by spin coating a thin
PCDTBT polymer only layer (2) on top of which the PCDTBT:PC61BM active layer is
processed by spontaneous spreading (3). The J–V curves of the one- and three-step processed
devices are plotted in Figure 4.15a which displays their similar characteristics. Small
deviations can be observed in the JSC and FF of the two devices which can be attributed to
the difference in active layer thickness. Due to the thick active layer and hence reduced FF
of the one-step processed device the EQE decreases with bias illumination as can be
observed in Figure 4.15b. Therefore, the best PCE of 1.95% for a one-step processed device
is somewhat lower than the values reported in Table 4.8. To confirm the presence of a
PEDOT:PSS layer by the one-step procedure, PCDTBT:PC61BM active layers by
spontaneous spreading on water have been transferred to a bare glass/ITO substrate resulting
in a solar cell device without hole transporting layer. The J–V curve in Figure 4.15 and its
characteristics summarized in Table 4.8 show that this device suffers from an s-shape
indicating problematic charge collection at the electrodes. This observation proves the
presence of a PEDOT:PSS layer in the one-step fabrication procedure. The result of the onestep fabrication procedure are a proof of principle showing that this technique can be used
for solar cell fabrication. Processing multiple layers in one fabrication step could be of
interest for large-scale fabrication.
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a)

b)

Figure 4.14: Spontaneous spreading of PCDTBT:PC61BM on the surface of water (a) and on a
PEDOT:PSS/water mixture (b).
Table 4.8: Performance of PCDTBT:PC61BM single layer devices where the active layer and
PEDOT:PSS layer are deposited in one step. Its characteristics is compared to a device without HTL
and a device containing a spin-coated PEDOT:PSS layer (three-step fabrication).a)

d (nm)

No HTL
Three-step
One-step

131
147
194

JSC
(mA/cm2)
4.5 ± 0.3
5.1 ± 0.1
5.8 ± 0.3

VOC (V)

FF

0.75 ± 0.07
0.87 ± 0.01
0.84 ± 0.00

0.39 ± 0.02
0.47 ± 0.02
0.45 ± 0.02

Pmax
(mW/cm2)
1.3 ± 0.2
2.1 ± 0.2
2.2 ± 0.1

Performance is the average of 4 devices ± the standard deviation.
a)

8

Current density (mA/cm2)

b)

10

6

Bare ITO, no HTL
Three-step
One-step

0.4

0.3

4
2

EQE

a)

Processing

0

0.2

-2
0.1

-4

w/o bias: 6.36 mA/cm2
w/ 530 nm bias: 5.45 mA/cm2

-6
-8
-2.0

One-step: 1.95%
Spreading on PEDOT:PSS/H2O (1/4)

-1.6

-1.2

-0.8

-0.4

0.0

Bias (V)

0.4

0.8

1.2

1.6
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Figure 4.15: J–V characteristics of the devices presented in Table 4.8 (a). The figure shows the
performance of a device without PEDOT:PSS hole transporter (black curve), a spin-coated
PEDOT:PSS layer (red curve), and a device in which the PEDOT:PSS layer is transferred along with
the active layer by spontaneous spreading of PCDTBT:PC61BM on a PEDOT:PSS/water mixture
(blue). The EQE of the latter device without (open symbols) and with (closed symbols) bias
illumination of 530 nm (b).
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4.4 SPONTANEOUS SPREADING OF PDPP2T-TT
The results of PCDTBT:PC61BM devices fabricated by spontaneous spreading suggest that
the performance is limited due to presence of a co-solvent. In addition, the optimum active
layer thickness of ~80 nm41,45,46 was often exceeded, especially when processing multiple
active layers on top of each other, lowering the device performance. The small band gap
diketopyrrolopyrrole donor polymer (PDPP2T-TT) has shown to perform very well with
thick active layers due to its fiber like morphology.47 Li et al. reported that the blend
PDPP2T-TT:PC71BM can result in an efficiency up to 6.9% (JSC = 14.8 mA/cm2, VOC = 0.66,
FF = 0.70) with an active layer thickness of 220 nm. Even when the active layer thickness is
raised to 300 nm a FF of 0.6 could be retained. Another motivation for using this donor
polymer for the fabrication of solar cells by spontaneous spreading is that the optimized
solvent system for this material contains a high volume concentration of co-solvent. Li et al.
processed

the

PDPP2T-TT

devices

from

chloroform

containing

7.5

vol.%

o-DCB.
In this section the results of PDPP2T-TT:PC61BM solar cells fabricated by spontaneous
spreading are discussed. The donor and acceptor materials were dissolved in a 1:3 ratio in
chlorobenzene containing 10 vol.% DIO. It must be noted that complete dissolution is of
great importance to achieve high device performance. As discussed in the introduction, both
chloroform and chlorobenzene are potential solvents for processing of photoactive PDPP2TTT:PC61BM layers by the spontaneous spreading method as their spreading coefficient on
water is positive. However, experiments showed that chloroform evaporates too quickly
before spreading is finished resulting in a poor homogeneity of the active layer. This is not
the case for chlorobenzene as it has a higher boiling point (132 °C) and lower vapor pressure
(11.9 mm Hg at 25 °C) than chloroform (62 °C; 197 mm Hg at 25 °C). However, due to the
significantly higher viscosity of the PDPP2T-TT:PC61BM mixture in chlorobenzene
compared to chloroform, the spreading is relatively slow and the film cracks into pieces of
several cm (see section 4.6 for a movie on the spreading procedure). The cracking behavior
of this layer is depicted in Figure 4.16 which also shows that the homogeneity of the layer is
not optimal. The initial starting point of spreading when the droplet hits the water surface
remains thicker than the rest of the active layer. The viscosity of the solution can be reduced
by using a 1:1 mixture of chloroform and chlorobenzene. Although it avoids cracking of the
layer, it does not improve the homogeneity. To allow transfer of the film onto a substrate
without cracking of the layer and attain good active layer morphology, 10 vol.% of 1,8diiodooctane is added. Due to its high boiling point (332.5 °C) and low vapor pressure
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(0.000281 mm Hg at 25 °C) it does not evaporate during spreading and give some flexibility
to the layer.
a)

b)

Figure 4.16: Spontaneous spreading of PDPP2T-TT:PC61BM layers on water from a solution in
chlorobenzene (a) and from a 1:1 (v/v) chloroform:chlorobenzene mixture (b). Both solutions
contained 10 vol.% DIO.

For the preparation of an active layer, 20 µL of the solution is used to cover a water filled
Petri dish of 9 cm in diameter. Two similar layers are sequentially transferred to a
glass/ITO/ZnO substrate resulting in a bilayer device which is finished with a MoO3/Ag top
contact. For good performance it is essential to treat the layer stack with chloroform vapor
for one minute. The J–V characteristics (Table 4.9, Figure 4.17a) show that without SVA the
device suffers from charge extraction problems. SVA results in reduced bimolecular
recombination indicated by the light intensity dependent EQE plotted in Figure 4.17b.
Bimolecular recombination in the device results in a drop of EQE when the light intensity
increases. Hence, the ratio (ρ) between the short-circuit currents obtained by integrating the
AM1.5G spectrum with the measured EQE with and without bias light illumination serves
as a measure for the extent of bimolecular recombination:
EQE
EQE
  JSC
(bias) JSC
(no bias)

Without SVA ρ equals 0.90, while ρ is 0.99 after SVA. This indicates reduced recombination
and enhanced charge extraction. The J–V characteristics summarized in Table 4.10 of
devices fabricated by both spin coating and spontaneous spreading show that SVA does not
affect the performance of single active layer devices. This is supported by transmission
electron microscopy (TEM) results (not shown here) which did not reveal a morphological
difference in donor and acceptor domain size upon solvent vapor treatment. Hence it is
suggested that SVA is required for bilayer devices to merge the two layers with which
bimolecular recombination is reduced.
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Table 4.9: Effect of SVA on the device performance of bilayer PDPP2T-TT:PC61BM devices
fabricated by the spontaneous spreading method.

Treatment

d (nm)

No
SVA (CHCl3)

189
154

Current density (mA/cm2)

20
15
10

No treatment
Dark
Light
SVA (CHCl3)

FF

PCE (%)

0.64
0.65

0.48
0.59

3.1
4.4

0.5

0.4

Dark
Light

5
0

0.3

0.2

No SVA
w/o bias light
w/ 730 nm bias light
SVA (CHCl3)

-5

0.1
-10
-15
-0.6

VOC (V)

b)

25

EQE

a)

EQE (mA/cm2)
J SC
9.95
11.4

w/o bias light
w/ 730 nm bias light

-0.4

-0.2

0.0
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0.4
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0.8
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Figure 4.17: J–V characteristics of bilayer PDPP2T-TT:PC61BM devices fabricated by spontaneous
spreading without (black curves) and after solvent vapor annealing (CHCL3, 1 min.) (red curves) in
dark (dashed lines) and under simulated AM1.5 G illumination (solid lines) (a). Corresponding EQE
spectra measured without (open makers) and with (solid markers) bias illumination to increase the
carrier density of the device close to AM1.5G operating conditions (b).
Table 4.10: Effect of post-treatment on PDPP2T-TT:PC61BM single layer devices fabricated by spin
coating (SC) and spontaneous spreading (SS).a)

Method

Treatment

SC
SC
SS
SS

No
SVA
No
SVA

a) Average

d
(nm)
154
154
185
133

JSC
(mA/cm2)

VOC (V)

FF

MPP
(mW/cm2)

8.0 ± 0.2
8.0 ± 0.1
11.1 ± 0.8
10.6 ± 1.5

0.65 ± 0.0
0.67 ± 0.0
0.66 ± 0.0
0.68 ± 0.0

0.61 ± 0.1
0.66 ± 0.1
0.63 ± 0.0
0.65 ± 0.0

3.2 ± 0.5
3.5 ± 0.5
4.6 ± 0.2
4.6 ± 0.4

value and standard deviation of 4 devices.

Compared to spin-coated (SC) devices the performance of spontaneous spreading (SS)
devices is somewhat higher (Table 4.11). This is caused by an increased JSC for the SS
devices, accompanied by a lower FF. The higher JSC but reduced FF of the bilayer device
can be explained by a morphological difference observed by TEM depicted in Figure 4.18.
Both active layers have a similar fibrous structure, however, the width and domain size of
the polymer fibers is smaller upon spontaneous spreading of the active layer compared to the
spin coating. This results in more donor/acceptor interface and, hence, increased
photocurrent generation, but the more tortuous morphology apparently hampers charge
transport and collection at the electrodes. The fiber-like morphology of the active layer can
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also be observed in the AFM height image depicted in Figure 4.19. In contrast to the high
surface roughness observed for PCE10 active layers by spontaneous spreading, the PDPP2TTT:PC61BM layer showed a roughness of only 1.65 nm. The better device performance
obtained for PDPP2T-TT active layers with respect to optimized spin-coated devices
suggests the importance of layer roughness on the solar cell efficiency.
Table 4.11: Solar cell performances of devices fabricated by spontaneous spreading (SS) and spin
coating (SC) having similar active layer thicknesses.

Device

d (nm)

EQE (mA/cm2)
J SC

VOC (V)

FF

PCE (%)

SS 50/50 CF/CB
SC
SS 0/100 CF/CB
SC

216
211
287
275

13.1
10.4
13.9
11.5

0.67
0.65
0.67
0.65

0.59
0.67
0.55
0.67

5.2
4.5
5.1
4.9

a)

b)

Figure 4.18: Active layer morphology by TEM of a PDPP2T-TT:PC61BM device fabricated by
spontaneous spreading and subsequent SVA treatment (a). Active layer morphology for a PDPP2TTT:PC61BM device made by spin coating (b).
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Figure 4.19: AFM image (3 µm × 3 µm) of a bilayer PDPP2T-TT:PC61BM active layer processed by
spontaneous spreading. The height scale is 10 nm. After deposition of the two layers on top of each
other the stack was exposed to chloroform vapor.

It can be excluded that the reduced FF observed in Table 4.11 for spontaneous spreading
devices is caused by the bilayer architecture, because single layer (SS) and double layer (SS)
PDPP2T-TT:PC61BM devices of similar thickness show nearly identical performance and,
importantly, have similar FF (Table 4.12). We note that the FFs reported in Table 4.12 are
significantly higher than those reported in Table 4.11 which is likely caused by the difference
in active layer thickness (~130 nm vs. 210 – 290 nm). The EQE spectra plotted in Figure
4.20a confirm the equal performance of the single layer and bilayer SS devices. Additionally,
the generated current as a function of light intensity for the bilayer architecture in Figure
4.20b follows the power law with α ≈ 1. It can be concluded that the bilayer architecture does
not induce bimolecular recombination.
Table 4.12: Effect of the number of PDPP2T-TT:PC61BM layers on device characteristics.

Device

d (nm)

SS 2 layers
SS 1 layer

128
133

EQE
(mA/cm2)
J SC

10.3
10.2

VOC (V)

FF

PCE (%)

0.67
0.68

0.69
0.66

4.8
4.6
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a)

b)
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Figure 4.20: EQE spectra measured with 730 nm bias illumination of a bilayer (black symbols) and
single layer (red symbols) PDPP2T-TT:PC61BM device (a). Photocurrent generated by the bilayer
 (b).
device as a function of photon flux and fit of the data to JSC  Plight

4.5 CONCLUSION
Working solar cells have been made with different material combinations (i.e.
PCE10:PC61BM, PCDTBT:PC61BM, and DPP2T-TT:PC61BM), indicating the broad
application of the spontaneous spreading technique for solar cell fabrication. The best PCE
of 5.4% has been achieved for PCE10:PC61BM devices when performing the spontaneous
spreading method in a nitrogen environment. Although a good performance has been
achieved, the PCE is a factor ~1.5 lower compared to spin-coated devices in nitrogen
environment. The most likely reason for the lower performance is the high surface roughness
of PCE10:PC61BM layers formed by the spontaneous spreading method, which seems to
limit charge extraction.
Spin-coated devices of PCDTBT:PC61BM are less sensitive towards the presence of oxygen
and water in the processing atmosphere, possibly facilitated by the low HOMO level of
PCDTBT. Spontaneous spreading could therefore be performed in air, making the
production procedure more convenient and suitable for large-scale production. Device
characteristics revealed that the co-solvent required for making transferable layers, hampers
the performance of the devices. This could be related to larger phase separation as observed
by TEM. Another disadvantage of using the PCDTBT:PC61BM blend for spontaneous
spreading is that it requires thin (80 – 100 nm) active layers to achieve optimal performance.
This thickness was often exceeded, even for single layer devices.
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PDPP2T-TT, on the other hand, does allow processing of thick (200 – 300 nm) active layers
from a solution containing a high concentration of high boiling point additive. Interestingly,
the performance of bilayer devices (PCE = 5.2%) exceeds the one for spin-coated devices
(PCE = 4.5%) which could be related to a morphological difference observed by TEM.
Active layers processed by spin coating and spontaneous spreading both showed a fibrous
morphology, however, thicker fibers have been obtained by spin coating, resulting in a
higher FF but lower JSC.
It was also demonstrated that the spontaneous spreading method allows processing of
multiple layers in one deposition step. This was achieved by spreading PCDTBT:PC61BM
on a diluted aqueous PEDOT:PSS substrate. Along with the possibility to process multiple
layers on top of each other this chapter has provided the interesting possibilities with this
new processing technique.
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4.6 SPONTANEOUS SPREADING MOVIES
This section contains QR codes referring to digital object identifiers (DOIs) containing
movies about the spontaneous spreading process. These codes can be scanned by mobile
phone after which the mp4 files can be downloaded.

Figure 4.21: Spontaneous spreading movie of PCE10:PC61BM.

Figure 4.22: Spontaneous spreading movies of PCDTBT:PC61BM into a thin and thick film by using
either a high or low solution volume.

Figure 4.23: Movies showing the spontaneous spreading of PDPP2T-TT:PC61BM and the transfer of
the active layer to a ZnO coated glass substrate.
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4.7 EXPERIMENTAL
Solar cell fabrication: Photovoltaic devices were made by spin coating a ZnO sol gel layer on cleaned,
patterned indium tin oxide (ITO) substrates in air (14 Ω per square) (Naranjo Substrates). The ZnO sol
gel was prepared by dissolving Zn(OAc)2 (Sigma Aldrich) (109.6 mg) in 2-methoxyethanol (Sigma
Aldrich) (1 mL), and adding ethanolamine (Sigma Aldrich) (30.2 µL). This mixture was stirred at room
temperature for at least 1 h. The resulting sol gel was spin coated at 4000 rpm and annealed for 5 min.
at 150 °C under ambient conditions. On top the active layer was fabricated by spin coating or
spontaneous spreading after which the inverted devices were completed by evaporating MoO3 (10 nm)
and Ag (100 nm) as electrode under a vacuum of ~3 × 10−7 mbar. For devices in a regular architecture
PEDOT:PSS (Clevios) was spin coated at 3000 rpm on cleaned, patterned ITO substrates after which
the layer was annealed at 140 °C for 15 min. The active layer was deposited by either spin coating or
spontaneous spreading and the devices were finished by evaporating LiF (1 nm) and Al (100 nm) on
top. The active area of the cells was 0.09 or 0.16 cm2.
For spontaneous spreading of PCE10 (1-Material) based active layers, 12 mg/mL PCE10 and 18
mg/mL PC61BM (Solenne BV) were dissolved in chlorobenzene (total concentration is 30 mg/mL)
containing 10 vol.% 1,8-diiodooctane (DIO) (Alfa Aesar). This solution was stirred overnight at 90 °C
and cooled down to room temperature before use. All devices were fabricated in an inverted
architecture. For spontaneous spreading a Petri dish of 9 cm in diameter is filled with water on top of
which 14 µL of the chlorinated solution is deposited to form a film having a thickness of 60 – 70 nm.
For spin-coated devices of PCE10:PC61BM are dissolved in a 1:1.5 ratio in chlorobenzene containing
3 vol.% DIO. The total concentration of the solution is 24.5 mg/mL and spin coating at 1500 rpm
results in a film thickness of 75 – 80 nm. For optimal performance spontaneous spreading and spin
coating of the active layer should be performed in a nitrogen filled glovebox.
PCDTBT (1-Material):PC61BM devices were processed in a regular architecture from a 1:4 ratio
solution in chlorobenzene. For spontaneous spreading 10 vol.% DIO is added to the solution while
optimized spin-coated devices are processed without co-solvent. The total concentration of the solution
was 50 mg/mL for spontaneous spreading and 35 mg/mL for spin coating. When 18 µL of the high
concentration solution was dropped on the surface of a water filled Petri dish (9 cm in diameter) a film
of approximately 140 nm could be made. To facilitate the transfer of this film to a device substrate a
tin PCDTBT only layer was spin coated on top of the PEDOT:PSS layer. This was done by spin coating
a 5 mg/mL PCDTBT solution in chlorobenzene at 5000 rpm. The film formed by spontaneous
spreading could now be transferred by stamping in the polymer coated substrate from the air/film
interface. Spin coating the low concentration solution on a PEDOT:PSS coated substrate at 1800 rpm
resulted in an active layer thickness of 100 nm.

Processing

active layers

on

a w a t e r s u b s t r a t e | 107

PDPP2T-TT (synthesized according to ref. [47]) and PC61BM were dissolved in a 1:3 weight ratio in
chlorobenzene containing 10 vol.% DIO. The total concentration of the solution was 35 mg/mL. This
mixture was stirred for at least 4 hours at 140 °C and overnight at 90 °C. Before spontaneous spreading,
it was cooled down to room temperature for an hour. Layers for solar cell fabrication in an inverted
architecture were made by dropping 20 µL of this solution on a Petri dish of 9 cm in diameter filled
with water. When the chlorobenzene has evaporated (after approximately 20 seconds) the layer could
be transferred. PDPP2T-TT:PC61BM devices by spin coating were made from a 1:3 (w/w) solution of
the respective compounds in chloroform to which 7.5 vol.% o-dichlorobenzene was added. This
solution had a total concentration of 16 mg/mL.
Characterization: Optical absorption spectra were measured with a PekinElmer Lambda 1050
UV/vis/nearIR spectrophotometer.
Current density – voltage characteristics were measured under simulated AM1.5G solar light of 100
mW/cm2. This was achieved by a Hoya LB100 daylight filter that was placed in between the solar cell
and a tungsten–halogen lamp. To perform a J–V sweep a Keithley 2400 sourcemeter was used. All
measurements were conducted in nitrogen-filled glove box. Device performances are quoted as
maximum power (Pmax) (mW/cm2) when the short-circuit current density (JSC) was obtained from the
J–V curve measured under simulated solar light of 100 mW/cm2, and as PCE (%) when JSC was
determined more accurately from the EQE by integrating the spectra with AM1.5G solar spectrum.
EQE measurements were performed in a homebuilt set-up, which consists of a 50 W tungsten halogen
lamp (Osram 64610), a mechanical chopper (Stanford Research, SR 540), a monochromator (Oriel,
Cornerstone 130) and finally the device kept in a nitrogen filled box with a quartz window which was
illuminated through an aperture of 2 mm. This measurement was also performed in combination with
a continuous LED bias light with a wavelength of 730 nm or 530 nm (Thor Labs). The current of this
bias light can be adjusted such that an illumination intensity equal to AM1.5G is reached. The response
was recorded using a low noise current preamplifier (Stanford Research System SR 570) and lock-in
amplifier (Stanford Research Systems SR 830). For light intensity dependent current measurements,
the generated current of the device was measured by a Keithley 2400 with increasing intensity of the
730 nm LED.
TEM samples of layers prepared by spontaneous spreading were prepared by scooping the active layer
floating on water on to a 200 square mesh copper grid. TEM samples of active layers prepared in the
inverted device stack were prepared by floating of the active layer from a ZnO sol gel layer. The ZnO
layer was dissolved in acidified water after which the active layer was transferred to a grid. TEM
samples of active layers prepared in a regular device configuration were prepared by dissolving the
PEDOT:PSS layer in water causing the active layer to float on the water surface. The floating active
layer was transferred to a grid. For analyzing the layers, a Tecnai G2 Sphera was used with a voltage
of 200 kV at a magnification range of 1150× to 80000× and corresponding defocus values of −10 µm
and −400 nm, respectively. To avoid beam damage to the sample the beam was blocked in low-dose
mode while moving to another position at the sample.
AFM was measured in tapping mode using a Veeco MultiMode. PPP-NCHR-50 Tips were purchased
from Nanosense.
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Fiber-like morphology of PDPP2T-TT:PC61BM by spontaneous
spreading from CB:o-DCB

CHAPTER 5
BILAYER-TERNARY DEVICES
BY SPONTANEOUS SPREADING

A useful strategy to improve sunlight conversion of organic solar cells is to use multiple
donor or acceptor materials with complementary absorption spectra in one active layer.
In this Chapter, the previously introduced spontaneous spreading method is used to
fabricate bilayer-ternary organic solar cells. This involves the deposition of the small
band gap diketopyrrolopyrrole polymer (PDPP2T-TT) mixed with PC61BM on top of a
bulk heterojunction composed of a wide band gap polymer (PDCB-2T) blended with
PC61BM. The novel bilayer-ternary devices feature a PCE up to 5.9%, higher than that
of the individual layers, with clear contributions of both materials in the spectral
response. Interestingly external quantum efficiencies (EQEs) over 100% can be
measured for the wide band gap layer by simultaneous near-infrared bias light
illumination. Drift-diffusion calculations confirm that specific bias illumination can
result in a significant increase in EQE as a result of a change in the internal electric
field of the device, but cannot account for the magnitude of this effect. The experimental
results indicate that EQEs over 100% under bias illumination are related to a barrier
for electron transport over the interface between the two blends.

This work has been published partly as: Colberts, F. J. M.; Wienk, M. M.; Heuvel, R.; Li, W.; Le Corre, V. M.;
Koster, L .J. A.; Janssen, R. A. J. Adv. Energy Mater. 2018. – accepted
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5.1 INTRODUCTION
Due to the advantages of solution processing, flexibility, high throughput production and
color tunability, organic photovoltaics (OPV) have been receiving wide interest.1,2
Improving the power conversion efficiency (PCE) of these devices has been the focus point
of research resulting in a gradual increasing performance above 10% based on mixtures of
semiconducting polymers with fullerene derivatives.3–6 Because fullerenes have limited
structural tunability and weak absorption in the visible region, non-fullerene acceptors are
attracting pronounced attention recently to further enhance the efficiency,7–10 resulting in
PCEs up to 14%.11–14 An interesting strategy to broaden the absorption spectra of organic
solar cells is to blend multiple donor (D) or acceptor (A) materials into one bulk
heterojunction resulting in D1:D2:A or D:A1:A2 blends. Ternary blend cells have several
advantages such as enhanced spectral coverage due to the complementary absorption of the
three components, improved fill factor (FF) by morphology optimization, and optimized
device stability.15,16 The latter can be specifically achieved by D:A1:A2 blends in which the
acceptor mixture forms an alloy phase. The glassy property of this phase increases the
entropy of mixing for the two acceptors and reduces the rate of crystallization.15,17 Results
on D1:D2:A blends showed that the addition of a crystalline polymer to an amorphous host
can improve charge separation and transport in the device, improving its FF. This is
facilitated by charge transfer from a trap-limited disordered phase to a highly ordered phase
having a high mobility.18,19 Reported efficiencies above 10% indicate that ternary blends are
a promising strategy in overcoming some of the limitations of polymer solar cells without
complicating the processing procedure.20–22 However, the introduction of a third component
does complicate the understanding and control on the layer morphology and charge transport
trough the device. Domain purity, size, and crystallinity are critical parameters determining
the device performance which are nowadays well controlled in binary bulk heterojunctions,
but this knowledge is less well developed for ternary devices.19,23,24 Additionally, the
majority of ternary devices reported are restrained to approximately 20% incorporation of a
third component, because at higher concentrations the FF and short-circuit current density
(JSC) decrease.19,20,25–27 This limits PCE improvement with respect to the performance of the
corresponding binary devices.
Fabricating D1:A|D2:A bilayer-ternary photovoltaics by processing two binary blends on top
of each other would allow the use of conventional well-developed, high-performance active
layers. These bilayer-ternary configurations are rarely reported as they are challenging to
fabricate by solution coating methods, because the underlying layer is likely to dissolve when
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the second layer is processed on top. Ghasemi and co-workers developed a method which
does not require orthogonal solvents for the processing of bilayer-ternary devices. Both D1:A
and D2:A blends are processed on top of each other from the same solvent, taking advantage
of the low solubility of D1 at room temperature, the first layer was spin coated hot (without
co-solvents) and the D2:A blend could be processed on top at room temperature.28 Although
the current density of the device improved significantly, the performance of the ternary
device suffered from a low FF due to increased active layer thickness, limiting the
performance improvement of the ternary device compared to the best performing binary
blend. The required robustness of the first layer restrains the generality of this method.
Another method to fabricate bilayer architectures for organic active layers is by lamination.
Here, the two active layers are fabricated separately of which one layer is processed on a
polyurethane acrylate (PUA) coated substrate. This “mold” is stamped on top of the second
blend, while the layer detaches from the PUA coating.29,30
In this work, the spontaneous spreading technique has been used for multi-layer stacking
which allows the fabrication of novel bilayer-ternary device architectures. The working
principles of the spontaneous spreading method and the device characteristics of bilayer solar
cells have been discussed in Chapter 4. For the fabrication of bilayer-ternary devices, layers
composed of PC61BM mixed with a small band gap diketopyrrolopyrrole (DPP) polymer
(PDPP2T-TT) in which the DPP unit is flanked by two thiophene units (2T), polymerized
with thienothiophene (TT) (Figure 5.1) are spread on a water surface. Li and co-workers
showed that due to the high charge carrier mobility originating from the crystalline fiber-like
structure of the polymer, a good PCE with high FF can be achieved with thick active layers
above 200 nm.31 This property is of great interest for processing multiple layers on top of
each other with the spontaneous spreading method. By transferring twice the same floating
active layer on water to a ZnO coated glass/ITO substrate and subsequent solvent vapor
annealing, we fabricate solar cell devices with similar PCEs as those obtained via spin
coating (5.1% vs. 4.9%). To fabricate bilayer-ternary devices, a wide band gap polymer
(PDCB-2T) consisting of thiophene-flanked (2,2′‐bithiophene)‐4,4′‐dicarboxylate (DCB)
units (Figure 5.1) was spin coated with PC61BM on a glass/ITO/ZnO substrate on top of
which the PDPP2T-TT:PC61BM layer is transferred by the spontaneous spreading method.
The inverted device architecture of the resulting bilayer-ternary device is shown in Figure
5.1b. These novel bilayer-ternary devices have a PCE up to 5.9%, higher than that of the
individual layers. Surprisingly, the cells provide external quantum efficiencies (EQEs) over
100% for the wide band gap layer under simultaneous near-infrared bias light illumination.
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a)

b)

Figure 5.1: Chemical structures of the small band gap PDPP2T-TT (D2) and wide band gap PDCB2T (D1) polymers (a). Inverted device architecture of the bilayer-ternary cell (b).

5.2 BILAYER-TERNARY SOLAR CELL PERFORMANCE
The results discussed in Chapter 4 demonstrate that the spontaneous spreading method
allows processing of multiple active layers on top of each other without efficiency loss.
Interestingly, this enables processing of more complicated device architectures like bilayerternary solar cells. The first spin-coated PDCB-2T:PC61BM layer of these devices is
deposited from chloroform on a ZnO coated glass/ITO substrate. Spin-coated PDCB2T:PC71BM layers resulted in a performance of 5% (JSC = 9.66 mA/cm2, VOC = 0.74 V, FF
= 0.71).32 On top of the PDCB-2T:PC61BM layer, the PDPP2T-TT:PC61BM layer can be
deposited via spontaneous spreading on water and subsequent transfer. The energy diagram
of the bilayer-ternary device, of which the HOMO and LUMO levels are determined by
cyclic voltammetry, is illustrated in Figure 5.2a. The two complementary absorption spectra
of the D1:A and D2:A layers are shown in Figure 5.2b. The HOMO levels of the PDPP2TTT (+0.39 V vs. Fc/Fc+) and PDCB-2T (+0.32 V vs Fc/Fc+) are very close in energy, but
their optical band gaps differ considerably (Eg = 1.91 eV vs. Eg = 1.35 eV). Hence the energy
levels of photo-generated holes and electrons in the bilayer-ternary blends with PC61BM as
a common acceptor are fairly constant through the bilayer.
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Figure 5.2: Energy diagram of an inverted bilayer-ternary device (a). Absorption spectra of both the
PDCB-2T:PC61BM (D1:A) and PDPP2T-TT:PC61BM (D2:A) bulk-heterojunction layers (b).

Table 5.1 shows that the bilayer-ternary device slightly benefits from the complementary
absorption resulting in an enhanced JSC for the best bilayer-ternary device of 5.9%. However,
the statistical data reveal that the variation in JSC is quite large. This is mainly caused by the
inhomogeneity of the PDPP2T-TT:PC61BM active layers obtained via spontaneous
spreading. The average performance of 12 devices having a total thickness between 190 –
210 nm (of which PDCB-2T:PC61BM is 100 nm) has a PCE = 4.8 ± 0.6 % with an average
FF of 0.55 and JSC of 12.8 mA/cm2. Compared to a bilayer PDPP2T-TT device with similar
active layer thickness, the average FF of the bilayer-ternary cells is somewhat lower (FF =
0.55 vs. FF = 0.59 for bilayer-ternary and bilayer PDPP2T-TT devices, respectively). This
is reflected in a bias-dependent photocurrent extraction under reverse bias as can be seen in
the J–V characteristics of a bilayer-ternary cell (Figure 5.3a). From the energy levels of the
bilayer-ternary device (Figure 5.2a), there are no significant barriers for charge extraction,
however, illuminating the device with an LED of 530 nm or 730 nm clearly shows that
charges generated in the PDPP2T-TT:PC61BM layer are not efficiently collected. Under 730
nm illumination all photogenerated electrons have to pass the interface between the two bulk
heterojunctions and we suspect that this interface causes electron extraction problems. As
the photon flux of the 730 nm and 530 nm probe light used for the J–V measurements in
Figure 5.3a is not comparable (I730 nm = 3.0 × 1017 cm2/sec and I530 nm = 1.1 × 1017 cm2/sec)
the JSC values cannot be compared directly.
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Table 5.1: Device performance of bilayer-ternary solar cells.a)

Device
D1:A | D2:Ab)

d
(nm)
203

D2:A | D2:A

216

D1:A

100

JSC (mA/cm2)

VOC (V)

FF

PCE (%)

14.9
12.8 ± 1.4c)
13.1
11.9 ± 0.18
8.2
8.0 ± 0.13

0.68
0.68 ± 0.02
0.67
0.67 ± 0.00
0.69
0.69 ± 0.00

0.58
0.55 ± 0.04
0.59
0.59 ± 0.01
0.62
0.62 ± 0.01

5.9
4.8 ± 0.6
5.2
4.7 ± 0.1
3.5
3.4 ± 0.1

a)

The best performance is written bold below which the average results with standard deviations are
summarized. b) Total active layer thickness of which D1:A is 100 nm. c) JSC obtained from J–V
measurements instead of EQE.

The black EQE spectrum depicted in Figure 5.3b clearly shows the contribution of PDCB2T (D1) in the low wavelength regime and of PDPP2T-TT (D2) in the high wavelength
regime. It is remarkable that the EQE of the PDPP2T-TT:PC61BM layer (d ≈ 100 nm) in the
bilayer-ternary cell is only 25% while it is above 40% for a single layer (d ≈ 100 nm)
(Chapter 4). This indicates inefficient charge extraction from the PDPP2T-TT:PC61BM layer
in the bilayer-ternary cell. When using 530 nm bias light, additional charge carriers are
predominantly generated in the PDCB-2T:PC61BM layer, while with 730 nm bias light
additional charges are exclusively generated in the PDPP2T-TT:PC61BM. Interestingly, 530
or 730 bias illumination results in markedly different EQE spectra. While applying 530 nm
bias light, a ~ 30% EQE improvement was observed in the high wavelength regime (> 650
nm). When applying 730 nm bias light, the EQE more than doubles and increases to values
higher than 100% in the low wavelength regime (< 650 nm). In addition, the EQE decreases
in the long wavelength range (> 650 nm) using 730 nm bias illumination. Apparently, the
increased charge density in the PDPP2T-TT:PC61BM layer with 730 nm bias illumination
enhances recombination, further evidenced by sublinear light intensity dependent shortcircuit current (Figure 5.3c, α = 0.94). In contrast, bimolecular recombination in the PDCB2T:PC61BM layer is negligible under short-circuit conditions (α = 1.00). These results
indicate that the collection of the charges generated in the PDPP2T-TT:PC61BM layer of the
bilayer-ternary cell is problematic.
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Figure 5.3: J–V characteristics of a bilayer-ternary device in an inverted configuration illuminated
with different light sources (I730 nm = 3.0 × 1017 cm2/sec and I530 nm = 1.1 × 1017 cm2/sec) (a). The
bilayer-ternary cell consist of a 100 nm PDCB-2T:PC61BM bottom layer and 94 nm PDPP2TTT:PC61BM top layer. JSC = 12.6 mA/cm2, VOC = 0.69 V, FF = 0.54, Pmax = 4.7 mW/cm2 with simulated
EQE
AM1.5G illimination. EQE measured without and with 530 or 730 nm bias light (b). J SC
= 11.2

mA/cm2 (w/o bias light). Photocurrent generated by the bilayer device as a function of photon flux and

fit of the data to JSC  Plight
(c).

5.3 QUASI-FERMI ENERGY LEVEL MODELLING
Due to the complementary absorption of the two sub layers, charge generation throughout
the device is strongly inhomogeneous when illuminated with a bias source resulting in an
inhomogeneous electric field. To shed light on these complex changes, drift-diffusion
calculations were performed. The details can be found in the Experimental Section. Low
intensity (~1015 photons cm2/s) 530 nm probe light is mainly absorbed by the PDCB2T:PC61BM (D1:A) layer resulting in splitting of the quasi-Fermi energy levels as depicted
in Figure 5.4a. Additional absorption of high intensity (~1017 photons cm2/s) 730 nm bias
light by the PDPP2T-TT:PC61BM (D2:A) layer results in an increased quasi-Fermi level
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splitting in the second layer, which concomitantly causes an enhanced electric field over the
first layer (D1:A). This leads to improved collection efficiency of electrons generated by the
530 nm probe light. In the calculations, the EQE at 530 nm is improved by 22%. Although
the improvement is significantly less than the experimental result, the result that bias
illumination of the second layer can increase the EQE of the first layer is reproduced. The
calculations also demonstrate that 530 nm probe light, absorbed by the first layer (D1:A),
has no effect on the electric field distribution of the second layer (D2:A) when this is
illuminated with 730 nm bias light. In other words, in the calculations the efficiency of
collection of charges generated by 730 nm bias light in is not improved by 530 nm probe
light. This could have been an explanation for the EQE at 530 nm being higher than 100%.
From the drift-diffusion calculations it thus seems that an enhanced internal electric field
induced by 730 nm bias illumination, does explain the enhanced EQE but cannot account for
the observed magnitude of the effect. Similar calculations have been performed for the
situation with 730 nm probe light and 530 nm bias illumination (Figure 5.5). Also in this
situation 530 nm bias illumination of the first layer (D1:A) results in an increased electric
field in the second layer (D2:A) causing more efficient collection of holes generated by 730
nm probe light and an improved EQE at 730 nm by 23%. This is in fair agreement with the
experimentally average increase in EQE of 30% (Figure 5.3b).
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Figure 5.4: Simulations of the quasi-Fermi levels for electrons (EFn) and holes (EFp) by drift-diffusion
calculations for bilayer device consisting of 70 nm D1:A and 100 nm D2:A under different illumination
conditions. G1 = 1026 m−3 s−1, G2 = 0, representing 530 nm probe light (a). G1 = 1026 m−3 s−1, G2 = 1028
m−3 s−1, representing 530 nm probe + 730 nm bias light (b). G1 = 0 m−3 s−1, G2 = 1028 m−3 s−1
representing 730 nm bias illumination (c).
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Figure 5.5: Simulations of the quasi-Fermi levels for electrons (EFn) and holes (EFp) by drift-diffusion
calculations for bilayer device consisting of 70 nm D1:A and 100 nm D2:A under different illumination
conditions. G1 = 0, G2 = 1026 m−3 s−1, representing 730 nm probe light (a). G1 = 1028 m−3 s−1, G2 = 1026
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530 nm bias illumination (c).
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In our view, an EQE above 100% at 530 nm can only be explained by more efficient
collection of 730 nm bias generated charges when illuminating the device simultaneously
with 530 nm monochromatic probe light. Figure 5.6a shows that increasing the intensity in
the low wavelength regime by applying a second bias light source at 530 nm, in additional
to 730 nm bias and monochromatic probe light reduces the EQE. Likewise, decreasing the
intensity of the 730 nm bias source reduces the EQE overshoot (Figure 5.6b). We suggest
that an energy barrier is formed at the interface between the two sub layers, hampering
electron transport from the PDPP2T-TT:PC61BM layer towards the ZnO contact. In a way
that is not fully understood, the increased carrier density in the PDCB-2T:PC61BM layer
lowers this barrier and accumulation of electrons. Apparently, the height of this energy
barrier is significant because a high reverse bias is required to eliminate its effect on the EQE
measurement with 730 nm bias. Figure 5.7 shows that a reverse bias of 4 – 5 V is required
to level out the EQE enhancement. This is consistent with the increasing extracted current
density with reverse bias by J–V measurements under 730 nm illumination (Figure 5.3a). In
addition, the reverse bias increases the EQE of the PDPP2T-TT:PC61BM layer to a similar
value compared to a PDPP2T-TT:PC61BM only device (Chapter 4). It is possible that the
increased reverse bias improves electron transport towards the ZnO contact. Alternatively,
the EQE above 100% can be related to trapped charge carriers facilitating tunneling transport
of the opposite carrier. This phenomenon has been studied by Li et al. reporting the
photomultiplication in poly(3-hexylthiophene) (P3HT) doped with ≤ 15 wt.% PC71BM.33
Due to the absence of electron transport channels, electrons on isolated fullerene domains
are trapped and create an electric field in the device. The resulting band bending facilitates
hole tunneling injection current causing an EQE > 100%. Possibly, in the bilayer-ternary
devices trapped electrons at the interface result in enhanced hole tunneling injection current
from the holes generated in the PDCB-2T layer via PDPP2T-TT towards the MoO3/Ag
contact. Illuminating the PDPP2T-TT:PC61BM blend with 730 nm bias light could facilitate
electron trapping causing an EQE > 100% when holes are generated in the PDCB-2T
material upon illumination with 530 nm probe light. Reduction of the EQE overshoot with
additional 530 nm bias illumination, lowered 730 nm bias light intensity, and the application
of a reverse bias may be related to a reduced density of trapped electrons. However, no
evidence can be provided for this tentative explanation.
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Figure 5.6: Mitigation of the EQE enhancement in the low wavelength regime by increasing the
intensity of an additional 530 nm LED source to the 730 nm bias light and monochromatic probe light
(a) and by reducing the intensity of the 730 nm bias light (b).
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Figure 5.7: Effect of reverse bias on the EQE measured with 730 nm bias light on top of the
monochromatic light.

5.4 MOBILITY AND XPS MEASUREMENTS
Carrier mobility has been measured by single carrier devices with PEDOT:PSS and
MoO3/Ag contacts for hole-only devices while electron-only devices were processed with
ZnO and LiF/Al contacts. Under dark conditions the current density has been measured to
a voltage of 8 V and the resulting data is fitted to the Mott-Gurney law, which predicts a
quadratic current-voltage dependence:
J

9
V2
 0 r  3
8
d

where ε0 is the permittivity of vacuum, εr the relative permittivity of the material which is
assumed to be 334, μ is the mobility of the carrier, d the thickness of the active layer, and V
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the applied voltage corrected for a voltage drop (Vr) due to the series resistance of the
contacts.35 Plotting the current density versus the corrected bias on a log-log scale reveals
whether a space-charge regime is present in the device. When the extracted current density
of the device is limited by space-charge, Child’s law (J ∝ V2) can be applied. In a logJ –
logV plot the curve should display a slope of 2. From this regime, the mobility can be
determined by fitting to the Mott-Gurney law which requires that the thickness of the device
is known. As an example, hole-only J–V characteristics of a bilayer PDPP2T-TT device are
plotted in Figure 5.8. It shows that in a voltage regime between 2 to 5 V the current is spacecharge limited. Table 5.2 shows a good hole mobility of 1.6 × 10-4 cm2/Vs on average which
is similar to a spin-coated PDPP2T-TT:PC61BM active layer. High hole mobility was also
measured for bilayer-ternary devices, indicating that the photo-generated holes do not
experience an extraction barrier. This agrees to the high FF of 0.65 extracted from the J–V
characteristics measured for a bilayer-ternary device illuminated with 530 nm
monochromatic light (red curve in Figure 5.3a). Under this illumination condition, the holes
generated in the PDCB-2T:PC61BM layer cross the interface without losses.
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Figure 5.8: J–V characteristics under dark conditions for a bilayer PDPP2T-TT hole-only device (a).
Fit of the J–V curve to the Mott-Gurney law to obtain the hole-mobility (b). Mobility extraction was
not possible for bilayer electron-only devices as J–V plots show a slope > 2 (c).
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In contrast, electrons injected into bilayer-ternary devices do not reach the space-charge
limit. The double logarithmic J–V plot shows a slope significantly higher than 2 for electron
transport in bilayer-ternary devices. This indicates that the electron current is trap-limited or
that the injection of electrons in the PDPP2T-TT:PC61BM layer is not Ohmic due to the
formation of a barrier caused by the built-up of electrons at the interface.36,37 A high slope in
the logJ – logV plot was also measured for bilayer PDPP2T-TT:PC61BM solar cells (Figure
5.8c), even though they exhibit good J–V characteristics (Chapter 4). A possible negative
influence of water on the charge transport properties of the PDPP2T-TT:PC61BM layer can
be excluded as Table 5.2 shows good electron and hole mobility for a PDPP2T-TT:PC61BM
single layer devices made by spontaneous spreading.
Table 5.2: Hole- and electron mobility data obtained from J–V data fitted with the Mott-Gurney law.

Device
PDCB-2T:PC61BM
PDPP2T-TT:PC61BM
Single layer PDPP2TTT:PC61BM
Bilayer PDPP2TTT:PC61BM
Bilayer Ternary

Deposition
SC
SC
SS

μh (cm2/Vs)
(2.9 ± 1.3) × 10−5
(2.4 ± 1.1) × 10−4
Shorted

μe (cm2/Vs)
(3.1 ± 1.5) × 10−5
(7.7 ± 4.0) × 10−6
(2.4 ± 1.3 ) × 10−5

SS | SS

(1.6 ± 0.3) × 10−4

No SCLC

SC | SS

(1.2 ± 0.2) × 10−4

No SCLC

A possible barrier for electron transport over the interface may be the result of the different
surface tension of the donor and acceptor materials causing the layer/air or layer/water
interfaces to be enriched with one of the compounds. X-ray photoelectron spectroscopy
(XPS) in combination with ion beam sputtering, however, did not reveal any concentration
gradient for both the spin-coated PDCB-2T:PC61BM films (Figure 5.9a) and for the bilayer
PDPP2T-TT:PC61BM exposed to solvent vapor fabricated by spontaneous spreading. With
XPS depth profiling, the interface between the two PDPP2T-TT:PC61BM layers cannot be
distinguished from the bulk signal. It can be concluded that concentration gradients in the
active layers of the ternary device are not significant and cannot be the reason for an energy
barrier. We note that XPS depth profiling on the bilayer-ternary blend (Figure 5.9b) did
reveal clear concentration steps for sulfur and nitrogen.

126 | C h a p t e r 5

b)

100
75

Relative atomic concentration (%)

Relative atomic concentration (%)

a)

50
25

10
7.5
5

PDCB-2T:PC61BM
S
Zn
Si
O

2.5

1

0

500

1000

1500

100
75
50
25

10
7.5

Bilayer
PDCB-2T-BO:PC61BM
DT-PDDP2T-TT:PC61BM

5

N
S
Zn
Si
O

2.5

1

2000

0

1000

2000

3000

4000

Sputtering time (s)

Sputtering time (s)

Figure 5.9: XPS measurements in combination with FIB sputtering to probe the concentration profiles
of a spin-coated PDCB-2T:PC61BM layer (a) and a bilayer-ternary device after SVA with chloroform
(b). Relative concentrations are shown as function of sputtering time (equivalent to depth).

Additional proof that concentration gradients or surface enrichment in the PDPP2TTT:PC61BM are not likely to cause the EQE > 100% was found by fabricating bilayer-ternary
devices, by both stamping and scooping the PDPP2T-TT:PC61BM layer from the water
substrate. In this way devices have been made in which the PDCB-2T:PC61BM layer makes
contact with the water-facing side instead of the air-facing side of the PDPP2T-TT:PC61BM
layer. Figure 5.10 and its comparison with Figure 5.3 shows however that similar device
characteristics are obtained for scooped and stamped PDPP2T-TT:PC61BM layers in bilayerternary devices.
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Figure 5.10: J–V characteristics of a bilayer-ternary device fabricated by scooping a PDPP2TTT:PC61BM layer from water on top of a spin-coated PDCB2T-BO:PC61BM active layer (a). The
device characteristics measured with simulated AM1.5G illumination (black J–V curve) are: JSC = 13.0
mA/cm2, VOC = 0.68 V, FF = 0.58, Pmax = 4.8 mW/cm2. EQE measured without and with 530 or 730
EQE
nm bias light (b). J SC
= 10.6 mA/cm2 (w/o bias light).
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5.5 IMPROVING ELECTRON TRANSPORT IN BILAYER-TERNARY SOLAR
CELLS
To avoid electron transport from the PDPP2T-TT:PC61BM layer over the interface with
PDCB-2T:PC61BM, bilayer-ternary devices have been made in a regular device
configuration of which the energy levels are depicted in Figure 5.11 and the device
characteristics are shown in Figure 5.12 and summarized in Table 5.3. Compared to an
inverted configuration bilayer-ternary solar cell with similar active layer thicknesses, the
device in the regular configuration displays a low FF. This is the result of a bias dependent
charge extraction around JSC, which is also present under illumination with 530 and 730 nm
light. When illuminating the device with 530 nm light, the extraction efficiency of the
carriers is worse which is related to a decreased EQE under 530 nm light bias compared to
the measurement without bias. Although the configuration of the device is altered, the effect
of bias illumination on the electric field within the device is expected to be the same as has
been calculated for the inverted device (Figure 5.4 and 5.5). However, with the addition of
bias light, no EQE enhancement has been measured for most of the devices. In an exceptional
case, an EQE improvement of 37% was measured at λ = 530 nm. The absence of overshoots
in EQE above 100% evidences that there is no electron accumulation in the regular devices
caused by a barrier for charge extraction. These results agree to our hypothesis that the
overshoot measured with 730 nm bias light in inverted configurations, is related to hampered
electron transport over the interface between the two photoactive layers, as this is avoided
in regular configuration devices.

Figure 5.11: Regular device architecture including the energy levels of the layers.
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Figure 5.12: J–V characteristics of a bilayer-ternary device in a regular configuration illuminated with
different light sources (a). The bilayer consist of a 133 nm PDCB-2T:PC61BM bottom layer and a 123
nm PDPP2T-TT:PC61BM top layer. EQE measured without and with 530 or 730 nm bias light (b).
EQE
J SC
= 12.96 mA/cm2 (w/o bias light).

Table 5.3: Device characteristics determined by J–V measurements of a regular versus inverted
bilayer-ternary device.

Configuration
Inverted
Regular

dPDCB
(nm)
144
133

dPDPP
(nm)
142
123

JSC
(mA/cm2)
10.7
12.8

VOC
(V)
0.69
0.69

FF
0.56
0.48

Pmax
(mW/cm2)
4.1
4.3

Comparing the device performance of the bilayer-ternary device to a single layer ternary
solar cell confirms that the hampered charge transport in the former is related to the interface
between the two sub layers. The single layer device was fabricated by mixing PDCB-2T,
PDPP2T-TT, and PC61BM in a 1:1:3 ratio dissolved in chloroform with 5 vol.% DIO. After
spin coating this solution, the layer was treated with solvent vapor as has been done for the
bilayer-ternary devices. The J–V and EQE results are shown in Figure 5.13. Although a
comparable performance of 5.1% has been achieved, the J–V and EQE characteristics of the
single layer ternary device are markedly different than the bilayer-ternary device.
Illuminating the single layer device with LED sources of high and low wavelength does not
change the EQE due to the homogeneous charge density throughout the active layer.
Additionally, the single layer device shows significantly higher FF compared to the bilayer
architecture which may be a limit for the performance of bilayer-ternary devices. We
conclude that the hampered electron transport observed for the bilayer-ternary device is
caused by the interface created between the two sub layers.
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Figure 5.13: J–V characteristics of a single layer ternary ternary device with an active layer thickness
of 162 nm (a). JSC = 11.8 mA/cm2, VOC = 0.67 V, FF = 0.65, Pmax = 5.1 mW/cm2 with simulated
EQE
AM1.5G illimination. EQE measured without and with 530 or 730 nm bias light (b). J SC
= 11.7

mA/cm2 (w/o bias light), PCE = 5.1%.

The results discussed above raise the question whether the hampered electron transport and
EQE overshoot are intrinsic properties of the bilayer architecture or if they are caused by the
specific material combination. Therefore, a device was made with poly[N-9'-heptadecanyl2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) as the donor
polymer together with PC61BM in the first layer of a bilayer-ternary device (Figure 5.14a).
PCDTBT has a similar absorption onset of ~700 nm compared to PDCB-2T. The best
inverted bilayer-ternary device showed a performance of Pmax = 3.3 mW/cm2 with JSC = 9.9
mA/cm2, VOC = 0.70 V, and FF = 0.48. Interestingly, the J–V and EQE characteristics (Figure
5.14b,c) of this device are similar to observations on PDCB-2T:PC61BM / PDPP2TTT:PC61BM bilayer-ternary devices. However, an EQE > 100% has not been measured for
the PCDTBT:PC61BM front layer when illuminating the PDPP2T-TT layer with 730 nm
light. The poor FF of the J–V curve obtained under 730 nm light indicates the poor extraction
of charges generated in the PDPP2T-TT:PC61BM top layer, consistent with the results for
the PDCB-2T:PC61BM layers. The similar behavior in EQE of the two ternary devices hints
that hampered electron transport over the interface in the ternary architecture is not
necessarily related to the specific material combination.
Besides changing the wide band gap polymer in the first layer of the ternary device, effects
of the high DIO content in the PDPP2T-TT:PC61BM solution on the underlying layer has
been investigated. Possibly, DIO can partly dissolve the fullerene in the PDCB-2T:PC61BM
active layer altering the surface morphology of the blend. Therefore, a bilayer-ternary device
has been fabricated in which the PDPP2T-TT active layer is processed by spontaneous
spreading from a CB/1,2-dichlorobenzene (o-DCB) solution. The bilayer-ternary device in
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which the PDPP2T-TT:PC61BM layer was fabricated from a CB/o-DCB mixture resulted in
a Pmax of 2.8 mW/cm2. The device showed similar J–V and EQE characteristics with different
illumination conditions to bilayer-ternary stacks in which the PDPP2T-TT layer is processed
using DIO as co-solvent. These observations evidence that DIO does not influence the
PDCB-2T active layer such that a barrier for charge transport is created causing an EQE >
100%.
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Figure 5.14: Energy diagram of a bilayer-ternary device composed of a PCDTBT:PC61BM layer
followed by a PDPP2T-TT:PC61BM (a). Here, D1 stands for PCDTBT, D2 for PDPP2T-TT and A for
PC61BM. J–V (b) and EQE (c) characteristics of the ternary device stack.
EQE
J SC
= 10.56 mA/cm2 (w/o bias light).
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5.6 CONCLUSION
The spontaneous spreading technique on an aqueous surface is an interesting method for the
fabrication of polymer-fullerene bulk-heterojunction layers for organic solar cells. For
PDPP2T-TT:PC61BM cells we have shown that the photovoltaic performance of layers
deposited by spontaneous spreading is comparable to that of spin-coated layers. The
morphologies of the photoactive layers consist of fibrous polymer networks, as was
established by TEM for both methods. At similar layer thickness, PDPP2T-TT:PC61BM
layers deposited by spontaneous spreading provide somewhat higher short-circuit current,
but a lower fill factor than that of spin-coated layers, consistent with a somewhat coarser
morphology for spin-coated layers.
Spontaneous spreading also enables the fabrication of bilayer ternary devices in which two
different bulk heterojunctions can be placed on top of each other. This was demonstrated by
combining a wide band gap PDCB-2T:PC61BM front layer and a small band gap PDPP2TTT:PC61BM back layer in an inverted bilayer-ternary blend cell. The power conversion
efficiency of this novel bilayer-ternary solar cell configuration exceeds that of the
corresponding single layer devices. The bilayer-ternary solar cells exhibit extraordinary
device characteristics. Selective illumination of the back layer with light of 730 nm, reveals
a lower FF in the J–V characteristics than with simulated AM1.5G illumination, as a result
of hampered transport of electrons across the interface of the two bulk-heterojunction layers.
We consider that electrons generated in the PDPP2T-TT:PC61BM back layer accumulate at
the interface as a consequence of a barrier for electron transport. Interestingly, this barrier
can be reduced when the carrier density in the PDCB-2T:PC61BM layer front layer is
increased by illuminating with a low intensity probe light of 530 nm. Hence, under 730 nm
bias illumination, the EQE at 530 nm can be more than doubled to values exceeding 100%.
Under these conditions, charges generated in the back layer by 730 nm light, are more
efficiently collected when simultaneously illuminating the front layer. Likewise, an EQE
enhancement of 30% has been observed in the high wavelength regime when the front layer
is biased with 530 nm light. Drift-diffusion calculations show that carrier generation and the
electric field distribution is inhomogeneous when selectively exciting front or back layers at
high intensity. This causes wavelength and intensity dependent splitting of the quasi Fermi
energy levels which can lead to a significant (>20%) enhancement of the EQE. Hence, the
drift-diffusion simulations confirm the EQE enhancement, but are not able to account for the
magnitude of the effect. Experimental results indicate that the additional increase is related
to a barrier for electron transport at the interface of the two sub layers. Despite, suboptimal
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charge transport, good device performance up to PCE = 5.9% has been achieved for bilayerternary devices under simulated AM1.5 conditions. This demonstrates that spontaneous
spreading on aqueous surfaces is an interesting method to fabricate unconventional device
architectures, with good performance.
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5.7 EXPERIMENTAL
Device fabrication: Inverted photovoltaic devices were made by spin coating a ZnO sol gel layer on
cleaned, patterned indium tin oxide (ITO) substrates in air (14 Ω per square) (Naranjo Substrates). The
ZnO sol gel was prepared by dissolving Zn(OAc)2 (Sigma Aldrich) (109.6 mg) in 2-methoxyethanol
(Sigma Aldrich) (1 mL), and adding ethanolamine (Sigma Aldrich) (30.2 µL). This mixture was stirred
at room temperature for at least 1 h. The resulting sol gel was spin coated at 4000 rpm and annealed
for 5 min. at 150 °C under ambient conditions. For devices in a regular architecture PEDOT:PSS
(Clevios) was spin coated at 3000 rpm on cleaned, patterned ITO substrates after which the layer was
annealed at 140 °C for 15 min.
For the fabrication of ~100 nm thick PDCB-2T:PC61BM layers the donor (synthesized according to
ref. [32]) and acceptor were dissolved in a 1:1.5 weight ratio in chloroform to which 2 vol.% diphenyl
ether was added having a total concentration of 15 mg/mL. To ensure complete dissolution, the mixture
was stirred at 90 °C for at least 1.5 hours and after cooling down the mixture to room temperature it
was spin coated at 1300 rpm under ambient conditions. PCDTBT:PC61BM active layers were
processed from a solution in chlorobenzene containing 7 mg PCDTBT (1-Material) and 28 mg
PC61BM. Inverted devices were completed by evaporating MoO3 (10 nm) and Ag (100 nm) as top
electrode under a vacuum of ~3 × 10−7 mbar, while regular configuration devices had a LiF (1 nm) and
Al (100 nm) top contact. The active area of the cells was 0.09 or 0.16 cm2.
For spontaneous spreading, PDPP2T-TT (synthesized according to ref. [31]) and PC61BM (Solenne
BV) were dissolved in a 1:3 weight ratio in chlorobenzene containing 10 vol.% 1,8-diiodooctane (DIO)
(Alfa Aesar). The total concentration of the solution was 35 mg/mL. This mixture was stirred for at
least 4 hours at 140 °C and overnight at 90 °C. Before spreading, it was cooled down to room
temperature and stabilized at this temperature for at least one hour. Active layers were fabricated by
dropping 20 µL of this solution on a Petri dish of 9 cm in diameter filled with water. When the
chlorobenzene has evaporated (after approximately 20 seconds) the layer could be transferred. The
floating active layer has been stamped or scooped on top of a PDCB-2T:PC61BM BHJ to fabricate
bilayer-ternary devices in which the PDCB-2T is either in contact with the PDPP2T-TT/air interface
or PDPP2T-TT/water interface, respectively. To achieve maximal performance the bilayer stack was
exposed to chloroform solvent vapor for 60 sec.
Characterization: Optical absorption spectra were measured with a PekinElmer Lambda 1050
UV/vis/nearIR spectrophotometer.
Current density – voltage (J–V) characteristics were measured under simulated AM1.5G solar light of
100 mW/cm2. This was achieved by a Hoya LB100 daylight filter that was placed in between the solar
cell and a tungsten–halogen lamp. To perform a J–V sweep a Keithley 2400 sourcemeter was used. All
measurements were conducted in nitrogen-filled glove box. Device performances are quoted as
maximum power (Pmax) (mW/cm2) when the short-circuit current density (JSC) was obtained from the
J–V curve measured under simulated solar light of 100 mW/cm2, and as PCE (%) when JSC was
determined more accurately from the EQE by integrating the spectra with AM1.5G solar spectrum.
EQE measurements were performed in a homebuilt set-up, which consists of a 50 W tungsten halogen
lamp (Osram 64610), a mechanical chopper (Stanford Research, SR 540), a monochromator (Oriel,
Cornerstone 130) and finally the device kept in a nitrogen filled box with a quartz window which was
illuminated through an aperture of 2 mm. This measurement was also performed in combination with
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a continuous LED bias light with a wavelength of 730 nm or 530 nm (Thor Labs). The current of this
bias light can be adjusted such that an illumination intensity equal to AM1.5G is reached. The response
was recorded using a low noise current preamplifier (Stanford Research System SR 570) and lock-in
amplifier (Stanford Research Systems SR 830). For light intensity dependent current measurements,
the generated current of the device was measured by a Keithley 2400 with increasing intensity of the
530 nm or 730 nm LED.
Drift-diffusion calculations have been performed on bilayer-ternary devices having a thickness of 70
nm for the PDCB-2T:PC61BM layer with a 100 nm PDPP-2T-TT:PC61BM blend on top. A carrier
mobility of 1 × 10-4 cm2 V-1 s-1 has been used and for simplicity it has been assumed that the mobility
of holes and electrons is balanced and similar in both active layers. In the simulation bimolecular
(Langevin) recombination is assumed with pre-factor γpre = 0.01. An energetic offset of 0.2 eV has
been set between the HOMO energy levels of PDCB-2T and PDPP-2T-TT. Injection barriers for
electrons and holes into the blend were set at 0.2 eV. The quasi Fermi level potentials ϕn(p) have been
calculated according to n

   (kT q)ln(n ni ) and p    (kT q)ln( p ni ) with ψ the potential

across the device, ni the intrinsic carrier concentration, k the Boltzmann constant, q the elementary
charge, and T the temperature. The quasi Fermi level potentials have been calculated under different
illumination conditions with probe light having a photon flux of ~1015 cm-2 s-1 and bias light having a
photon flux of ~1017 cm-2 s-1. To reflect to 100-fold difference in photon flux the electron-hole pair
generation rate has been set to G = 1026 m-3 s-1 for low intensity probe light and to G = 1028 m-3 s-1 for
bias illumination, respectively.
Mobility measurements have been performed on hole-only and electron-only devices. For hole-only
devices,
the
active
layer
was
deposited
on
a
substrate
coated
with
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and finished with a MoO3/Ag top
contact, while for electron-only devices ZnO and LiF/Al were used as contact materials. The current
vs. voltage measurements have been performed in the dark up to a voltage of 8 V. Plotting the results
on a log-log scale reveals in which voltage range the JSC is space-charge limited. For this voltage range
the mobility has been determined by fitting the dark J–V curves to the Mott-Gurney law.
XPS measurements were performed on a Thermo Scientific K-Alpha with a 180° double focusing
hemispherical analyzer and a 128-channel detector. An aluminum anode (Kα = 1486.6 eV) was
operated at 72 W and a spot size of 400 µm. The background pressure was
8 × 10-8 mbar, and 3 × 10-7 mbar Argon during measuring due to the charge compensation for the dual
beam source. First, surface measurements were performed in survey mode with a pass energy of 200
eV followed by a region scan at high resolution with a pass energy of 50 eV for each element. Depth
profiling measurements were performed with layer by layer argon etching at middle current and 1000
eV ion energy (Ta2O5 = 0.2 nm/s). The raster size is 2 mm and snapshot mode was used for each
element.
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CHAPTER 6
CHARACTERISTICS OF
BILAYER AND TRIPLE
LAYER DEVICES

The fabrication of bilayer-ternary devices introduced in the previous Chapter revealed
that improved device performance can be achieved as a result of an enhanced spectral
absorption width. It was suggested that the device performance is limited by hampered
charge transport through the device caused by a possible energy barrier for electron
transport over the interface between the two layers. However, the precise origin of this
effect remained unclear. To obtain a better understanding, this Chapter focusses on the
effect of energy barriers on the characteristics of bilayer-ternary devices. Varying the
composition of the first layer allowed the fabrication of bilayer-ternary stacks with and
without energy barriers for hole transport. The distinctly different characteristics of the
devices evidence the importance of an energy barrier and the results substantiate the
hypothesized energy barrier for electron transport in Chapter 5. The reasonably good
performance of 3.3% obtained for the bilayer-ternary device without energy barrier
could be further improved by the introduction of a third absorber layer containing a
small band gap polymer. By this, the absorption width of the organic solar cell could be
extended to the near-infrared resulting in an improved performance up to 3.8%. The
characteristics of this triple layer - quaternary solar cell indicate that the performance
is not limited by the device architecture leaving an interesting room for improvement.
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6.1 INTRODUCTION
Enhancing the spectral width of solar light conversion is a promising method to increase the
power conversion efficiency (PCE) of organic solar cells. This has been realized by the
addition of a third component to a binary bulk heterojunction (BHJ) having complementary
absorption. These so called ternary solar cells benefit from an enhanced short-circuit current
density (JSC) and hence improved PCE.1–6 In addition, introduction of a third component can
improve the morphology of the blend to enhance charge separation and reduce bimolecular
recombination.7–9 On top of the improved performance of ternary organic solar cells,
research has evidenced enhanced device stability upon storage.10–13 A different strategy by
which the spectral absorption in organic solar cells can be extended has been introduced in
Chapter 5. The bilayer-ternary devices described in Chapter 5 employ stacks of conventional,
optimized, binary BHJs fabricated by spontaneous spreading of an active layer on a water
surface and subsequent transfer on top of a spin-coated BHJ. It was found that the JSC in
these bilayer-ternary stacks is enhanced due to the complementary absorption of the two
active layers. However, problematic charge transport through the active layer resulted in a
low fill factor (FF) limiting the PCE. In addition, the average PCE was lowered due to a lack
in reproducibility of the active layer thickness by spontaneous spreading.
The bilayer-ternary solar cells described in Chapter 5 are composed of a spin-coated wide
band gap thiophene-flanked (2,2′‐bithiophene)‐4,4′‐dicarboxylate (DCB) polymer (PDCB2T) and a small band gap diketopyrrolopyrrole (DPP) polymer (PDPP2T-TT), deposited by
the spontaneous spreading method on water. Both polymers are mixed with [6,6]-phenylC61-butyric acid methyl ester (PC61BM) for electron transport. Although the common
acceptor was expected to facilitate charge transport, the current density – voltage (J–V) and
external quantum efficiency (EQE) characteristics of the bilayer-ternary device under
different illumination conditions indicate hampered charge transport of electrons generated
in the PDPP2T-TT:PC61BM layer. It was suggested that an energetic barrier for electron
transport over the interface is present which causes unusual effects in the J–V measurements
and EQE overshoots above 100% under specific bias illumination. As the origin of this effect
is not clear yet, this Chapter discusses the effect of an energy barrier on the device
characteristics of bilayer-ternary solar cells. This has been accomplished by depositing a
blend

of

poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-

fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PCE10) with PC61BM by
spontaneous spreading on top of either an active layer composed of poly(3-hexylthiophene)
(P3HT) mixed with PC61BM or on poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-
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thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) mixed with PC61BM. In the former device the
offset in the HOMO energies of the two polymers of 0.2 – 0.3 eV causes a barrier for hole
transport, while hole transport should be unhindered in the latter device. Figure 6.1 shows
the energy diagrams of the two bilayer-ternary devices.
a)

b)

Figure 6.1: Energy diagrams of bilayer-ternary devices where PCE10:PC61BM is transferred on top of
a spin-coated BHJ composed of P3HT:PC61BM (a) or PCDTBT:PC61BM (b). PCE10:PC61BM active
layers are fabricated by spontaneous spreading on water in N2 environment.

6.2 BILAYER-TERNARY DEVICES WITH HOMO OFFSET
To fabricate a P3HT:PC61BM active layer (D1:A), the materials are dissolved in a 1:1 weight
ratio in dichlorobenzene, which is spin coated to form a layer. To enhance the performance
the active layer is subsequently annealed at 110 °C for 25 minutes. Nevertheless, the device
EQE

performance is moderate (Table 6.1). A highest PCE of 5.0% after EQE correction ( J SC =
12.45 mA/cm2, VOC = 0.79 V, FF = 0.50) was achieved for a bilayer PCE10:PC61BM (D2:A
| D2:A) device, prepared by stacking two layers, by transfer from a water surface. Instead,
stamping the floating PCE10:PC61BM (D2:A) active layer on top of a spin-coated
P3HT:PC61BM BHJ resulted in a poor performance due to its low JSC and FF. The J–V curve
measured of this D1:A | D2:A bilayer-ternary device under simulated solar light (black curve
in Figure 6.2) shows the non-optimal charge collection within the device as the current
density increases with increasing reverse bias. In addition there is an s-shape in the J–V curve
near open-circuit which likely originates from the induced HOMO offset energy hampering
charge transport and collection. The s-shape in the J–V curve is more pronounced when
illuminating the P3HT:PC61BM layer exclusively with 530 nm LED light. This is consistent
with the expected energy offset for hole transport, because 530 nm light is primarily absorbed
by the front P3HT:PC61BM layer. In contrast, no energy barrier should be present for the
collection of charges generated in the PCE10:PC61BM layer, however, the J–V curve under
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730 nm LED illumination shows the opposite. The steeply increasing current density in the
reverse bias regime while illuminating the device with 730 nm light indicates that charge
collection is hampered. This observation is similar to bilayer-ternary devices composed of
PDCB-2T:PC61BM/PDPP2T-TT:PC61BM (Chapter 5, Figure 5.3) in which an energetic
barrier is also not expected in terms of HOMO and LUMO levels of the compounds.
Table 6.1: Device characteristics obtained by J–V measurements on the bilayer-ternary device
compared to the performance of the binary BHJs.a)

Device b)
D1:A
D2:A | D2:A
D1:A | D2:A

d (nm)
173
89
130

JSC (mA/cm2)
7.7
13.1
5.2

VOC (V)
0.51
0.77
0.54

Pmax (mW/cm2)
2.3
4.9
1.3

FF
0.58
0.48
0.46

a) Characteristics

are the average of 3 or 4 devices.
D1 and D2 represent the P3HT and PCE10 polymer donors respectively while A stands for the
acceptor PC61BM.
b)

9

Current density (mA/cm2)

6
3

P3HT/PCE10 (10 min. 70 °C)
Solar simulator
530 nm LED
730 nm LED

0
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Figure 6.2: J–V measurements of the bilayer-ternary device composed of a PCE10:PC61BM active
layer on top of a spin-coated P3HT:PC61BM BHJ. The different curves represent measurements under
different illumination conditions.

EQE measurements of the bilayer-ternary device having a HOMO offset are depicted in
Figure 6.3 and show that the response of the cell is low over the whole wavelength regime
when measuring with low intensity monochromatic light only. The low EQEs of 30% for the
P3HT:PC61BM layer and 10% for the PCE10:PC61BM BHJ are in line with the inefficient
charge extraction at short-circuit conditions for both layers as inferred from the J–V
measurements. When in addition to the monochromatic probe light the device is illuminated
with a 530 nm bias light, the carrier density in predominantly the P3HT:PC61BM layer is
increased. This can be seen in Figure 6.3b which shows the EQEs of single layer
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P3HT:PC61BM and PCE10:PC61BM BHJs solar cells. From these data we see that at
λ = 530 nm the EQE of the P3HT:PC61BM blend peaks to ~55%. However, part of the
incoming 530 nm beam will also be absorbed and converted into charges in the
PCE10:PC61BM BHJ layer. It is important to note that this is different for PDCB2T:PC61BM/PDPP2T-TT:PC61BM bilayer-ternary devices as the EQE of the PDPP2TTT:PC61BM layer shows a dip at 530 nm (Figure 4.20) affecting the carrier generation in
this layer under bias illumination. Figure 6.3a shows that 530 nm bias illumination decreases
the EQE in the low wavelength regime (< 650 nm) while the EQE in the high wavelength
regime (> 650 nm) is significantly enhanced. The EQE drop between 450 – 650 nm can be
the result of increased carrier recombination in the P3HT:PC61BM layer caused by the
HOMO offset that hampers charge transport. The question whether an (induced) energetic
barrier can cause an EQE overshoot > 100% is not fully answered in this experiment. With
the application of 530 nm bias light a clear EQE overshoot can be observed for the
PCE10:PC61BM layer, however its magnitude is well below EQE = 1. Here, the EQE is
enhanced with a factor 3.4 of which its magnitude is likely affected by the amount of charge
carriers in the PCE10 layer as has been evidenced in Chapter 5 (Figure 5.6a). When the
device is illuminated by a 730 nm bias source on top of the monochromatic probe light, only
the carrier density within the PCE10 layer will be increased as is shown in Figure 6.3b. A
measured EQE improvement by 1.65× for λ < 650 nm is significantly lower in magnitude
than the 3.40× improvement when applying the 530 nm bias source. The EQE enhancement
of 65% could be the result of an energy barrier detected in the J–V measurements (blue curve
in Figure 6.2) but could also be the effect of inhomogeneous carrier density in the device
affecting the quasi-Fermi energy levels for holes and electrons in the device. The effect of
quasi-Fermi energy level splitting on the electric field of the device under different
illumination conditions has been discussed in Chapter 5, Section 5.3. The measurements on
bilayer-ternary devices in which a HOMO offset energy is introduced on purpose show that
an energy barrier can induce significant enhancement of the EQE under specific illumination
conditions.
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b)

a)
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Figure 6.3: EQE measurements on a P3HT:PC61BM/PCE10:PC61BM bilayer-ternary device without
EQE
bias illumination (black symbols, J SC
= 4.49 mA/cm2) and with 530 nm (red symbols) or 730 nm
(blue symbols) bias illumination (a). The EQE spectra of the separate binary P3HT:PC61BM and
PCE10:PC61BM BHJs are shown indicating the conversion of incoming irradiation from the bias light
(b).

6.3 BILAYER-TERNARY DEVICES WITHOUT HOMO OFFSET
Improved device performance for bilayer-ternary devices can be expected when no energy
barrier is introduced. This has been achieved by replacing the P3HT:PC61BM active layer by
a PCDTBT:PC61BM layer having a similar onset of absorption, but a deeper HOMO energy
level. The PCDTBT:PC61BM active layer showed a moderate performance due to an
unusually low VOC with a high standard deviation (Table 6.2). As a result, the
PCDTBT:PC61BM/PCE10:PC61BM bilayer-ternary solar cell also shows a somewhat low
VOC. In addition, the FF of the bilayer-ternary solar cell is low, resulting in a moderate device
performance (Table 6.2). The low FF originates from an s-shape that can be observed in the
J–V characteristics of the device depicted in Figure 6.4. Interestingly, the J–V measurements
under different bias illumination conditions are all equal indicating that the efficiency of
charge collection in both layers of the bilayer-ternary stack is comparable. This observation
has not been found for P3HT:PC61BM/PCE10:PC61BM and PDCB-2T:PC61BM/PDPP2TTT:PC61BM devices and is likely the result of the cascade energy levels in the device
facilitating charge transport and collection of the charges at the electrodes. In accordance to
the equal J–V characteristics of the device under different illumination conditions the EQE
spectra are also similar as can be observed in Figure 6.4b. After EQE correction the best
bilayer-ternary device with a PCDTBT front active layer showed a PCE of 3.3%.
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Table 6.2: Device characteristics obtained by J–V measurements on the bilayer-ternary device
compared to the performance of the binary BHJs.a)

Device b)

d (nm)

D1:A
D2:A | D2:A
D1:A | D2:A

61
89
111

JSC
(mA/cm2)
7.0 ± 0.02
13.1 ± 0.12
10.9 ± 0.25

VOC (V)

FF

0.72 ± 0.08
0.52 ± 0.01
0.77 ± 0.04
0.48 ± 0.04
0.70 ± 0.01
0.41 ± 0.02
a) Characteristics are the average of 3 or 4 devices ± the standard deviation.

Pmax
(mW/cm2)
2.6 ± 0.23
4.9 ± 0.57
3.1 ± 0.24

b)

D1 and D2 represent the PCDTBT and PCE10 polymer donors respectively while A stands for the
acceptor PC61BM.
b)
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Figure 6.4: J–V measurements of the bilayer-ternary device composed of a PCE10 active layer on top
of a spin-coated PCDTBT:PC61BM BHJ. The different curves represent measurements under different
illumination conditions.

The explanation for the low FF of the bilayer-ternary device can possibly be related to the
roughness of the PCE10 layer affecting the contact between the two sub layers. Atomic force
microscopy (AFM) analysis of a PCE10 active layer processed by spontaneous spreading
has been shown in Chapter 4 (Figure 4.10) displaying a root mean square roughness (Rq) of
the bilayer device of 10.9 nm. Figure 6.5a shows the AFM height image of a PCE10 layer
on the PCDTBT:PC61BM active layer with Rq = 5.8 nm. The roughness of the
PCE10:PC61BM layer could be reduced by lowering the concentration of 1,8-diiodoctane
(DIO) in the processing solution from 10 vol.% to 2 vol.%. Figure 6.5b shows that this layer
on top of a PCDTBT:PC61BM BHJ has a reduced roughness of Rq = 1.4 nm. In accordance,
the roughness of a bilayer PCE10 active layer (D2:A | D2:A) is reduced from 10.9 nm to 6.3
nm when performing the spontaneous spreading method from a solution containing 10 vol.%
and 2 vol.% DIO, respectively.
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Although the roughness of the PCE10 active layer has been reduced, its effect on the overall
performance is negligible. Remarkably, Table 6.3 shows that the FF of the bilayer-ternary
device could be improved from 0.41 to 0.50 when reducing the DIO content in the PCE10
layer from 10 vol.% to 2 vol.%. The J–V curves in Figure 6.6 show that the s-shape around
Pmax disappeared for the device processed with the lower DIO content, however, charge
extraction in the reverse bias regime is yet not optimal. Comparing the performance of a
bilayer PCE10 device processed from 10 vol.% or 2 vol.% DIO shows a small drop in PCE
for the latter device. This drop may be related to a morphological difference between the two
active layers. Comparing the PCDTBT:PC61BM/PCE10:PC61BM bilayer-ternary and the
P3HT:PC61BM/PCE10:PC61BM bilayer-ternary devices evidences the significant influence
of an energetic barrier for charge transport over the interface between the two layers on the
device characteristics.
a)

c)

b)

Figure 6.5: AFM images (5 μm × 5 μm) of a PCE10 BHJ deposited on a PCDTBT:PC61BM layer by
spontaneous spreading from a chlorobenzene solution containing 10 vol.% DIO (a) or 2 vol.% DIO
(b). AFM image (5 μm × 5 μm) of a bilayer PCE10 active layer (D2:A | D2:A) exposed to chloroform
solvent vapor (c). The height scales are 30 nm, 10 nm and 30 nm respectively.
Table 6.3: Effect of DIO concentration in the PCE10:PC61BM solution on the J–V characteristics of
PCDTBT:PC61BM/PCE10:PC61BM (D1:A | D2:A) bilayer-ternary devices.

Device

d (nm)

D2:A | D2:A 2 vol.%
D1:A | D2:A 2 vol.%
D1:A | D2:A 10 vol.%

64
94
111

JSC
(mA/cm2)
11.0
6.6
10.9

VOC (V)

FF

0.74
0.79
0.70

0.47
0.50
0.41

Pmax
(mW/cm2)
3.8
2.7
3.1
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Figure 6.6: J–V measurements of PCDTBT:PC61BM/PCE10:PC61BM bilayer-ternary devices
annealed for 10 min. at 70 °C in which the PCE10:PC61BM BHJ is processed by spontaneous spreading
from a solution in chlorobenzene containing 2 vol.% DIO (solid line) or 10 vol.% DIO (dashed line).

6.4 TRIPLE LAYER ORGANIC SOLAR CELLS
To improve the performance of the PCDTBT:PC61BM/PCE10:PC61BM bilayer-ternary
device, the absorption width of the active layer can be extended into the near infrared by
stacking a third small band gab polymer:PC61BM layer on top by spontaneous spreading.
Spontaneous spreading of the small band gap diketopyrrolopyrrole (DPP) polymer
(PDPP2T-TT) has already been discussed in Chapters 4 and 5 and is used here in a triple
layer stack containing 3 donor polymers and one acceptor material (PC61BM). To achieve
maximal performance of the device the whole layer stack was exposed to chloroform solvent
vapor for 60 s. As the PCE10 layer processed from 2 vol.% DIO appeared to be more robust
against the solvent vapor annealing (SVA) step this co-solvent concentration was used for
processing the PCE10 layer in the devices summarized in Table 6.4. In this table, the PCE
of the triple layer device is compared to the characteristics of the corresponding bilayerternary devices. For the PCDTBT:PC61BM/PCE10:PC61BM bilayer-ternary cell the best
performance has been achieved by annealing for 10 min. at 70 °C, while for
PCE10:PC61BM/PDPP2T-TT:PC61BM devices the best performances were achieved by
SVA treatment. The triple layer stack containing these two bilayer-ternary devices showed
an improved performance compared to the bilayer devices as a result of an enhanced JSC.
However, compared to the PCEs of the respective single layer binary BHJs
(PCDTBT:PC61BM, PCE10:PC61BM, and PDPP2T-TT:PC61BM) there is no gain in
performance as their JSC’s are similar (JSC, PCE10:PCBM = 13.1 mA/cm2 while JSC, triple layer = 11.3
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mA/cm2). The combination of a moderate JSC and a VOC pinned to the lowest energy gap of
the PDPP2T-TT material limits the gain in performance for the triple layer device.

Figure 6.7: Energy diagram of a triple layer solar cell composed of 3 donor materials which are all
blended with the acceptor PC61BM.
Table 6.4: Device characteristics of the best triple layer solar cell compared to the highest performance
of the respective bilayer-ternary devices.

Device
PCDTBT/PCE10
PCE10/PDPP2T
PCDTBT/PCE10/PDPP2T

d (nm)
90
97
234

EQE
J SC

(mA/cm2)
6.5
7.4
11.3

VOC
(V)

FF

PCE (%)

0.80
0.68
0.68

0.53
0.40
0.49

2.8
2.0
3.8

In addition to a pinned VOC to the lowest gap and a low JSC, the moderate FF limits the
extraction of generated charges at short-circuit conditions. The J–V curve of the triple layer
device depicted in Figure 6.8a shows that the extracted current density depends on the
amount of reverse bias applied to the device. The suboptimal charge extraction is reflected
in a small reduction in EQE when applying high intensity bias irradiation (Figure 6.8b).
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Figure 6.8: J–V measurement of the triple layer devices along with the J–V curves of two sub bilayerternary cells (a). EQE of the triple layer device without and with bias illumination (b). EQE of the
triple layer device measured under 730 nm bias illumination compared to the 730 nm bias illuminated
EQE spectra of the PCDTBT/PCE10 and PCE10/PDPP2T-TT bilayer-ternary devices (c). Effect of
irradiation intensity on the JSC and VOC of the triple layer device measured with a 530 nm and 730 nm
LED source (d).

It can be noted that the integrated current density of the triple layer EQE over the solar
irradiation spectrum is limited by the low EQE in the high wavelength regime. This
corresponds to the low EQE of the PCE10/PDPP2T-TT bilayer-ternary device as can be
concluded from Figure 6.8c. In this plot, the EQE spectra of the bilayer-ternary sub cells are
plotted along with the EQE of the triple layer device. The overlapping EQE curves indicate
that the current density of the triple layer devices is limited to the performance of the sub
bilayer-ternary cells. The spectra depicted in Figure 6.8c are measured while applying a 730
nm bias LED and show that none of the devices experiences an overshoot in EQE. While
applying bias illumination, the EQE spectra in Figure 6.8b indicate that the performance of
the device decreases due to enhanced charge recombination. This is in agreement with the
result plotted in Figure 6.8d which evidences that the slope of JSC with increasing irradiation
density deviates from unity, indicating enhanced bimolecular recombination. The
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observation that the slope of VOC with increasing photon flux deviates from unity points to a
significant contribution of trap-assisted recombination.14,15 Optimizing the layer thicknesses
within the triple layer solar cell may possibly reduce the recombination in the device and
improve FF.

6.5 CONCLUSION
Bilayer-ternary devices with and without energy barrier for hole transport have been
fabricated clearly showing the effect of the barrier on the J–V and EQE characteristics. When
a HOMO offset is introduced, low device performance is obtained due to inefficient charge
collection expressed in an s-shaped J–V curve. The pronounced s-shape when illuminating
the limiting P3HT:PC61BM front layer stresses the negative effect of the energy barrier. A
severe drop in EQE for the P3HT:PC61BM BHJ with 530 nm bias illumination is in line with
the poor carrier collection which may be improved when illuminating the device with high
wavelength light (> 650 nm) absorbed in the PCE10:PC61BM layer. For this BHJ a 3.4×
improvement in EQE has been measured when applying 530 nm bias illumination which
could be the effect of enhanced carrier collection of bias generated charges. This effect has
been discussed in Chapter 5 resulting in an EQE > 100% and the addition results presented
in this Chapter indicate that EQE overshoots can be related to an energy barrier for charge
transport. Despite the consistent LUMO level of PC61BM throughout the bilayer stack, which
should facilitate electron transport and collection at the ZnO contact, inefficient electron
transport is observed for the carriers generated in the PCE10:PC61BM back layer.
Interestingly, this observation is similar to the results described in Chapter 5. Possible energy
barriers could be the result of surface enrichment in one of the active layers by polymer or
acceptor material disrupting charge transport pathways.
Substituting P3HT by PCDTBT in the front active layer results in a cascade energy level for
hole transport facilitating charge transport. This is confirmed by the equal J–V and EQE
measurements under different illumination conditions. The rough PCE10 active layer may
be a limiting factor for the device performance as s-shapes could be found in the J–V
measurements. Possibly, the PCE can be improved by replacing PCE10 with another
medium band gap donor that results in more uniform active layers upon spontaneous
spreading. The efficiency of the bilayer-ternary device could, however, be improved by
extending the device architecture with a third polymer donor absorbing in the near-infrared.
To our knowledge, such triple layer device composed out of 4 absorbers has not been
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reported before and resulted in a reasonable PCE of 3.8%. The observation that the
performance of this device is not limited to the device architecture but rather to the
performance of the bilayer-ternary stacks itself leaves a promising room for performance
improvement.
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6.6 EXPERIMENTAL
Solar cell fabrication: Photovoltaic devices were made by spin coating a ZnO sol gel layer on cleaned,
patterned indium tin oxide (ITO) substrates in air (14 Ω per square) (Naranjo Substrates). The ZnO sol
gel was prepared by dissolving Zn(OAc)2 (Sigma Aldrich) (109.6 mg) in 2-methoxyethanol (Sigma
Aldrich) (1 mL), and adding ethanolamine (Sigma Aldrich) (30.2 µL). This mixture was stirred at room
temperature for at least 1 h. The resulting sol gel was spin coated at 4000 rpm and annealed for 5 min.
at 150 °C under ambient conditions. On top the active layer was fabricated by spin coating or
spontaneous spreading after which the inverted devices were completed by evaporating MoO3 (10 nm)
and Ag (100 nm) as electrode under a vacuum of ~3 × 10−7 mbar.
For spontaneous spreading of PCE10:PC61BM (1-Material) active layers, 12 mg/mL PCE10 and 18
mg/mL PC61BM (Solenne BV) were dissolved in chlorobenzene (total concentration was 30 mg/mL)
containing 10 vol.% or 2 vol.% 1,8-diiodooctane (DIO) (Alfa Aesar). This solution is stirred overnight
at 90 °C and cooled down to room temperature before use. With an Eppendorf pipette 12 – 18 µL of
this mixture is dropped on the surface of a 9 cm in diameter filled Petri dish with water. This
spontaneous spreading method was performed in the nitrogen environment of a glovebox. The resulting
layer was transferred twice to a ZnO coated glass/ITO substrate to fabricate a bilayer device. To
achieve maximal performance this stack was annealed for 10 min. at 70 °C in a nitrogen filled
glovebox.
To fabricate bilayer-ternary devices an active layer was spin coated on a ZnO coated glass/ITO
substrate on top of which the PCE10:PC61BM BHJ was deposited by spontaneous spreading.
P3HT:PC61BM BHJs were prepared by dissolving 20 mg/ml P3HT (Sigma Aldrich) and 20 mg/mL
PC61BM in o-dichlorobenzene. Active layers were spin coated at 3000 rpm which were annealed at
110 °C for 25 min. to facilitate appropriate phase separation. After transferring the PCE10 active layer
on top from a solution containing 10 vol.% DIO, the stack was annealed at 70 °C for 10 min. in nitrogen
environment. These devices in which a HOMO offset energy is introduced were finished by
evaporating a top MoO3/Ag contact. PCDTBT:PC61BM active layers were spin coated at 3000 rpm
from a solution in chlorobenzene containing 7 mg/mL PCDTBT (1-Material) and 28 mg/mL PC61BM.
A bilayer-ternary device was made by depositing a PCE10 active layer on top from a solution
containing 10 vol.% or 2 vol.% DIO. Also for this bilayer-ternary device optimal performance could
be achieved after annealing the stack 10 min. at 70 °C in a nitrogen filled glovebox.
Extending the bilayer-ternary device to a triple layer device composed of 4 different absorbs was
achieved by the spontaneous spreading of PDPP2T-TT:PC61BM active layers. PDPP2T-TT
(synthesized according to ref. [<sup>16</sup><sup>16</sup><sup>16</sup>16]) and PC61BM were
dissolved in a 1:3 weight ratio in chlorobenzene containing 10 vol.% DIO. The total concentration of
the solution was 35 mg/mL. This mixture was stirred for at least 4 hours at 140 °C and overnight at 90
°C. Before spontaneous spreading, it was cooled down to room temperature for an hour. 20 µL of this
solution was dropped on the surface of a water filled Petri dish having a diameter of 9 cm. The resulting
floating layer was transferred to a PCDTBT:PC61BM/PCE10:PC61BM coated glass/ITO/ZnO
substrate. The triple layer stack was subsequently exposed to chloroform solvent vapor for 60 s. after
which the MoO3/Ag top contact was evaporated on top.
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Characterization: J–V characteristics were measured under simulated AM1.5G solar light of 100
mW/cm2. This was achieved by a Hoya LB100 daylight filter that was placed in between the solar cell
and a tungsten–halogen lamp. To perform a voltage sweep a Keithley 2400 sourcemeter was used. All
measurements were conducted in nitrogen-filled glove box. Device performances are quoted as
maximum power (Pmax) (mW/cm2) when the short-circuit current density (JSC) was obtained from the
J–V curve measured under simulated solar light of 100 mW/cm2, and as PCE (%) when JSC was
determined more accurately from the EQE by integrating the spectra with AM1.5G solar spectrum.
EQE measurements were performed in a homebuilt set-up, which consists of a 50 W tungsten halogen
lamp (Osram 64610), a mechanical chopper (Stanford Research, SR 540), a monochromator (Oriel,
Cornerstone 130) and finally the device kept in a nitrogen filled box with a quartz window which was
illuminated through an aperture of 2 mm. This measurement was also performed in combination with
a continuous LED bias light with a wavelength of 730 nm or 530 nm (Thor Labs). The current of this
bias light can be adjusted such that an illumination intensity equal to AM1.5G is reached. The response
was recorded using a low noise current preamplifier (Stanford Research System SR 570) and lock-in
amplifier (Stanford Research Systems SR 830). For light intensity dependent current and voltage
measurements, the generated current or voltage of the device was measured by a Keithley 2400 with
increasing intensity of the 530 nm or 730 nm LED.
AFM was measured in tapping mode using a Veeco MultiMode. PPP-NCHR-50 Tips were purchased
from Nanosense.
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SUMMARY
PROCESSING ORGANIC PHOTOVOLTAIC
LAYERS FROM AND ON WATER
Solar radiation is an abundant energy source on the whole planet and represents an
environmentally friendly and renewable alternative to fossil fuels with a great potential to
contribute significantly to our future global energy need. Currently, the solar cell market is
dominated by silicon panels providing a maximum solar power to electrical power
conversion efficiency (PCE) of 27%. Intensive research in increasing the PCE and lowering
the production costs resulted in a plethora of solar cell configurations among which the
technology of thin-film organic photovoltaics (OPV). The ability to process these devices
from solution enables high throughput production via roll-to-roll coating or ink-jet printing
making OPV relatively cheap and attractive for large-scale fabrication. The virtues of color
tunability and the use of flexible substrates makes them attractive for the use in modern-life
applications. One of the limitations hampering large-scale fabrication of OPV is their
significantly lower PCE of 14% compared to silicon based solar cells. Efforts in
understanding the efficiency limitations for OPV are a hot topic of research of which
important observations and theoretical background are discussed in Chapter 1. A second
parameter holding back the commercialization of OPVs is the common use of chlorinated
and aromatic solvents that are hazardous to people’s health and environment.
As the title “processing active layers in organic solar cells from and on water” explains, this
thesis can be divided into two parts. The first part, described in Chapter 2 and 3, focusses on
substituting the hazardous solvents commonly used for processing organic active layers by
water or ethanol. The aim of this work is to use conventional high performance absorber
materials without modification by side chains to ensure solubility in eco-friendly solvents.
This has been realized by the synthesis of nanoparticle dispersions. The simplest method
with which these dispersion can be synthesized is the precipitation method schematically
depicted in Figure 1. A chloroform solution containing the electron donor and acceptor
materials is introduced to the ethanol phase while stirring resulting in the precipitation of the
photoactive materials due to the miscibility of chloroform in the non-solvent. It is described
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in Chapter 2 that an additional sonication step is
required to obtained nanometer sized particles

1) Add polymer solution to nonsolvent
2) Evaporation of organic solvent

(Image on page 81) after which the chloroform
phase can be removed by evaporation. Stirring

Non-solvent

the dispersion at elevated temperature (60 °C)
appeared to be an inefficient method to remove
the solvent. Additionally, traces of chloroform

Figure 1: Schematic drawing of the
precipitation method.

combined with the increased temperature exerted on the dispersion seemed to initiate
aggregation of the fullerene electron acceptor material. The rough active layers obtained due
to the formed fullerene crystals (Image on page 25) were not suitable for solar cell
fabrication. Optimizing the solvent removal step and altering the fullerene material to a less
crystalline material improved the active layer homogeneity resulting in a PCE of 0.55%. The
low performance of the nanoparticle devices is due to the sub-optimal uniformity of the layer
inducing leakage current in the device.

Figure 2: Schematic drawing of the miniemulsion method for nanoparticle synthesis.

An alternative method for nanoparticle synthesis is the miniemulsion method schematically
drawn in Figure 2. This method benefits from the possibility to use water as the non-solvent
phase and the provided stability of the dispersion by the surfactant molecules. Here the
solution of photoactive materials is introduced to the water phase containing surfactant
micelles. Upon sonication nanoparticles are formed after which the chloroform phase can be
removed by stirring at elevated temperature. A good control of nanoparticle size could be
obtained which is important for the uniformity of the active layer. To avoid the presence of
surfactants in the active layer, possibly inducing charge recombination sites, excess is
removed by dialysis. Optimization of the surfactant concentration is essential to avoid dewetting of the dispersion at high concentration and aggregation at low surfactant
concentration, both giving rise to shorts in a solar cell. Careful optimization of the surfactant
concentration (described in Chapter 3) was performed by measuring the conductivity and
zeta potential of the dispersion during dialysis (Figure 3) which are indications for the
concentration of free and surface-bound surfactant, respectively. After spin coating and
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thermal annealing of the layer, a PCE of 1.5% has
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Figure 3: Conductivity and zeta
potential measurements of a dispersion
during dialysis.

layer.

Microscopy analysis of the dispersion indicated that a core-shell morphology may be present
in the particles in which the fullerene core is surrounded by a polymeric shell. In an attempt
to improve the performance of the devices, research has been focused on avoiding this coreshell morphology by altering the composition of the nanoparticles. However, the optimized
miniemulsion method could not be directly translated to different donor:acceptor blends.
Instead of processing active layers from water, the second part of the thesis focusses on the
processing of active layers on water. This is achieved by the spontaneous spreading method
which is introduced in Chapter 4. In this method, illustrated in Figure 4, a droplet of the
donor:acceptor solution is placed on the surface of a water filled petri dish. When the surface
and interfacial tension result in a positive spreading coefficient (SOW), the droplet will spread
and form a layer which can subsequently be transferred to a device substrate.

Figure 4: Schematic drawing of the spontaneous spreading technique.

The spontaneous spreading technique has been used for the fabrication of three different
bulk-heterojunction (BHJ) D1:A, D2:A and D3:A utilizing different polymer donors (D)
with a band gap (Eg) ranging from high to low (Eg,D1 > Eg,D2 > Eg,D3). Although highest PCE
of 5.4% was achieved by spontaneous spreading of the D2:A blend, it lacks the most in
performance compared to a PCE of 7.5% for spin coated devices. The performance gap and
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the requirement of a nitrogen or dry air environment while spreading the active layer on
water are in contrast to published literature results. The lower PCE upon spontaneous
spreading of the D2:A blend is likely related to the high surface roughness of the active layer
hampering charge collection at the electrodes. A moderate PCE of 2.2% could be achieved
by the spontaneous spreading of the D1:A blend. To facilitate transfer of the active layer to
a substrate without cracking, a high boiling point additive was required which lowered the
performance in the case of D1:A solar cells due to non-optimal morphology formation.
Interestingly, spontaneous spreading of the D3:A blend resulted in a PCE up to 5.2%,
exceeding the one for spin coated devices. Microscopy analysis of the two active layers
revealed that this enhancement is related to a morphological difference. The D3:A device
fabricated by spontaneous spreading is composed of two similar active layers deposited on
top of each other resulting in a bilayer solar cell. For good performance, it appeared essential
to treat the layer stack with chloroform vapor. Importantly, no loss in performance was
observed when stacking multiple active layers on top of each other. The ability to process
multiple layers on top of each other deposited from the same solvent is an interesting feature
of this technique that cannot be achieved by other solution processing methods such as spin
coating and allows the fabrication of novel device architectures. Additionally, Chapter 4
shows the possibility to process multiple layers in one deposition step by spontaneous
spreading of an active layer on the surface of a water mixture containing a hole-transport
material.
Chapter 5 focusses on the application of the spontaneous
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spreading technique for the fabrication of bilayer-ternary
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devices (Figure 5) where the floating active layer,
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composed of a low Eg donor mixed with fullerene
(D2:A), is transferred on top of a spin coated BHJ
composed of a high Eg donor blended with fullerene

A

(D1:A). Compared to the performance of the individual
layers, the novel ternary device showed a PCE
enhancement up to 5.9%, with clear contributions of both
active layers in the spectral response. Due to the
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Ag

Figure 5: Energy diagram of a
bilayer-ternary device.

complementary absorption of the two layers, interesting features have been measured by
current–voltage (J–V) and external quantum efficiency (EQE) measurements under specific
illumination conditions. Selective illumination of the low band gap material (D2) by a long
wavelength LED resulted in EQEs above 100% for the wide band gap (D1) material. This
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observation could not be fully explained by drift-diffusion calculations which described the
electric field within the device under various illumination conditions. It is suggested that
there may be an energetic barrier for electron transport over the interface between the two
active layers affecting the device characteristics. This is supported by electron and hole
mobility measurements of the bilayer-ternary device, J–V results on the separate layers in
the ternary stack, solar cell results when changing the inverted device architecture to a
regular one, and the comparison of the observed device characteristics to a solar cell in which
the three materials are blended into one active layer instead of two.
To obtain a better understanding about the effect of

PCDTBT

energetic barriers on the characteristics of bilayer-

−

-4.2

PCE10
−

PDPP2T
−

ternary devices, Chapter 6 discusses two different
architectures in which one device contains an
+
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induced barrier for hole transport over the interface.
The distinctly different characteristics obtained for

ZnO

+
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A
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+
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the two devices evidences the influence of an
energetic barrier on the device characteristics.
Although a significant EQE improvement of 3.4×

Figure 6: Energy diagram of a triple
layer solar cell.

is of comparable magnitude as observed in Chapter 5, the results do not cover the question
whether an energy barrier can induce an EQE > 100%. The device without energy barrier
showed a highest PCE of 3.3% which interestingly could be improved to 3.8% when a third
donor polymer transferred on top by spontaneous spreading (Figure 6). The results discussed
in Chapter 4, 5 and 6 show the interesting possibilities of the spontaneous spreading
technique which offers potential in improving the efficiency for OPVs and creating new cell
architectures that cannot be made via traditional solution processing.
Summarizing, the results described in the thesis have demonstrated that water can be a
suitable medium for processing organic solar cells. Photoactive layers deposited from
aqueous nanoparticle dispersions give solar cells with efficiencies that approach the
performance obtained by processing from organic solvents. To close the remaining gap, it is
important to obtain more control over the morphology of the photoactive layer. This may
involve modifying the internal structure of the nanoparticles or the use of pure donor and
acceptor particles in one dispersion. The first might be achieved by using different
surfactants or solvent mixtures from which dispersions are prepared. For the second option,
the challenge will be to make particles with diameters of 10 nm or less to be in the range of
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the exciton diffusion length. The thesis also demonstrated that water can be a suitable
substrate for fabricating complex device stacks that are hardly accessible in any other way.
To make this more reproducible and versatile, it is important to fabricate homogenous active
layers. Here surface energies, viscosity, rates of spreading and evaporation, and geometrical
factors play important roles. More fundamental understanding of the interplay of these
parameters related to organic and polymer semiconductors is necessary to advance this
promising fabrication method.
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SAMENVATTING
PROCESSEN VAN ORGANISCHE
FOTOVOLTAÏSCHE LAGEN
VANUIT EN OP WATER
Zonne-energie is in overvloed overal op aarde beschikbaar en daarom in potentie een
milieuvriendelijk en hernieuwbaar alternatief om de toekomstige energiebehoefte te
voorzien. De commerciële zonnecellenmarkt wordt momenteel gedomineerd door
kristallijn-silicium panelen die een maximale efficiëntie hebben van bijna 27% waarmee
zonlichtenergie omgezet wordt in elektrische energie. Het verbeteren van de efficiëntie en
het verlagen van de productiekosten van zonnepanelen zijn twee speerpunten van
hedendaags onderzoek. Dit heeft geresulteerd in een grote verscheidenheid aan
zonnecelarchitecturen

waaronder

dunne-film organische

zonnecellen

(OZC). De

mogelijkheid om de lagen van deze organische zonnecellen aan te brengen vanuit een
oplossing (oftewel een inkt) maakt het mogelijk om OZC’s op grote schaal te fabriceren via
snelle en goedkope druktechnieken. De flexibiliteit en mogelijkheid de kleur van de OZC
panelen aan te passen bieden mogelijkheden voor specifieke toepassingen die niet, of
moeilijk, met andere technologieën te realiseren zijn. Een van de redenen waarom OZC’s
nog niet op grote schaal geproduceerd worden, is de lagere efficiëntie van maximaal 14%
vergeleken met silicium zonnepanelen. De reden van deze lagere efficiëntie is onderwerp
van discussie. De theoretische inzichten en de belangrijkste ontwikkelingen daarin worden
besproken in Hoofdstuk 1. Een tweede factor die de grote-schaal productie van OZC’s remt
is het gebruik van oplosmiddelen in de inkt die schadelijk zijn voor het milieu en voor de
gezondheid van mensen.
Zoals de titel van het proefschrift “Processen van organische fotovoltaïsche lagen vanuit en
op water” aangeeft, bestaat dit proefschrift uit twee delen. Het eerste deel, beschreven in de
Hoofdstukken 2 en 3, gaat over de fabricage van organische actieve lagen vanuit water of
ethanol in plaats van de gebruikelijke schadelijke organische oplosmiddelen. Het doel van
dit onderzoek is om de conventionele licht-absorberende materialen te gebruiken, zonder
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deze te modificeren met zijketens om ze
oplosbaar te maken in water of ethanol. Dit is
gerealiseerd door de foto-actieve materialen te
dispergeren tot nanodeeltjes in een oplosmiddel.
De eenvoudigste methode om deze dispersies te
maken is de precipitatiemethode die schematisch
is afgebeeld in Figuur 1. Een oplossing in

Figuur 1: Schematische weergave van de
precipitatiemethode.

chloroform van de componenten van de foto-actieve laag, een elektrondonor (polymeer) en
een elektronacceptor (fullereen), wordt toegevoegd aan het non-solvent ethanol terwijl er
hard geroerd wordt. Vervolgens wordt de dispersie blootgesteld aan ultrasone trillingen om
nanodeeltjes te maken zoals beschreven in Hoofdstuk 2 (zie ook de afbeelding op pagina
77). Om de chloroform uit deze nanodispersie te verdampen wordt het mengsel geroerd bij
verhoogde temperatuur (60 °C). Dit bleek echter een inefficiënte methode te zijn, omdat de
resterende chloroform en de verhoogde temperatuur leidden tot de aggregatie van de
acceptormoleculen. De ruwe actieve lagen die gevormd werden door de zo gevormde
fullereenkristallen (zie afbeelding op pagina 25) waren niet bruikbaar als actieve laag in een
zonnecel. Het vervangen van het gebruikte fullereenderivaat door een minder kristallijne
acceptor en het verbeteren van de chloroform verdamping resulteerde in homogenere lagen
die een zonnecel-efficiëntie gaven van 0,55%. Dit lage rendement werd veroorzaakt door de
ruwheid van de actieve laag die leidde tot een lekstroom in de zonnecel.

Figuur 2: Schematische weergave van de mini-emulsiemethode.

Een alternatieve methode voor het maken van nanodeeltjes is de mini-emulsiemethode die
schematisch staat weergegeven in Figuur 2. In deze methode wordt water gebruikt als nonsolvent waaraan een detergent wordt toegevoegd die stabiliteit aan de dispersie geeft. Nu
wordt de oplossing van foto-actieve materialen toegevoegd aan de waterfase die micellen
bevat van het detergent. Blootstelling van deze emulsie aan ultrasone trillingen leidt tot de
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van

nanodeeltjes

waarna

de

chloroform verdampt wordt door te roeren bij
methode is dat de grootte van de nanodeeltjes
goed gecontroleerd kan worden. Dit is
belangrijk voor de homogeniteit van de actieve
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Figuur 3: Geleidbaarheid en zetapotentiaal resultaten van een dispersie
tijdens dialyses.

overmaat aan detergent in de dispersie verwijderd met behulp van dialyse. Hoofdstuk 3 laat
zien dat optimalisatie van de detergentconcentratie van groot belang is. Bij een te hoge
detergentconcentratie is niet mogelijk het substraat waarop de laag aangebracht wordt goed
te bevochtigen, terwijl een te lage concentratie leidt tot aggregatie van de nanodeeltjes. In
beide gevallen levert dit geen gesloten foto-actieve lagen waardoor de zonnecellen een
lekstroom geven of zelfs kortgesloten zijn. Door de geleidbaarheid en zeta-potentiaal
(deeltjeslading) van de dispersie te meten tijdens het dialyseproces kon de
detergentconcentratie gemeten en geoptimaliseerd worden. De resultaten van deze metingen
tijdens een dialyseproces zijn weergegeven in Figuur 3. Hierin is de geleidbaarheid een maat
voor de hoeveelheid vrije detergentmoleculen en de zeta-potentiaal een maat voor de
concentratie van detergenten geadsorbeerd aan een nanodeeltje. Wanneer een actieve laag
vanuit de geoptimaliseerde dispersie werd aangebracht, kon een zonnecelrendement van
1,5% verkregen worden die verbeterd werd naar 2,4% door het fullereenmateriaal te
optimaliseren, door ethanol toe te voegen aan de dispersie, en door het verouderen van de
dispersie. Vergeleken met het rendement van 5,8% voor een conventionele zonnecel
gefabriceerd uit een oplossing met dezelfde materialen, wordt de efficiëntie van de op
nanodeeltjes gebaseerde zonnecellen gelimiteerd door de lage vulfactor, ook bij dunne
actieve lagen. Dit bleek het gevolg te zijn van een verhoogde recombinatie van ladingen.
Een reden daarvoor is een suboptimale fasescheiding van het polymeer en fullereen. Analyse
van de nanodeeltjes met behulp van elektronenmicroscopie liet zien dat de elektronacceptor
zich meer in het centrum van het nanodeeltje bevindt en elektrondonor meer in de schil.
Elektronen gevormd in het centrum kunnen het nanodeeltje dan niet verlaten en
recombineren met gaten gegenereerd in de schil. Met andere elektronaccepterende

S a m e n v a t t i n g | 165

materialen is geprobeerd deze kern-schil fasescheiding te voorkomen, maar het bleek dat de
geoptimaliseerde

mini-emulsiemethode

niet

direct

toepasbaar

was

op

andere

materiaalcombinaties.
In plaats van organische actieve lagen vanuit water te maken, is het tweede deel van dit
proefschrift gericht op het processen van actieve lagen op water. Deze lagen worden
gefabriceerd met behulp van de spontane-spreiding methode die geïntroduceerd wordt in
Hoofdstuk 4. Het principe van deze methode is schematisch weergegeven in Figuur 4 en gaat
uit van een oplossing van de elektrondonor en elektronacceptor in een organisch oplosmiddel
waarvan een aantal microliter op een wateroppervlak wordt gedruppeld. Wanneer de
oppervlaktespanningen

en

de

grensoppervlaktespanning

tot

een

positieve

spreidingcoëfficiënt (SOW) leiden zal de druppel tot een laag spreiden die na drogen
overgebracht kan worden naar een zonnecelsubstraat.

Figuur 4: Schematische weergave van de spontane-spreiding methode.

Met behulp van de spontane-spreiding methode zijn zonnecellen gemaakt met drie
verschillende samenstellingen die worden afgekort als D1:A, D2:A en D3:A. Deze actieve
lagen bevatten verschillende elektrondonoren (D1, D2 en D3) met een afnemende
bandafstand (Eg) (Eg,D1 > Eg,D2 > Eg,D3) en een acceptor (A). Alhoewel de hoogste
zonnecelefficiëntie van 5.4% werd gehaald met de D2:A mix, week deze efficiëntie het
meest af van de 7,5% die verkregen kon worden met de conventionele spin-coat techniek
voor dezelfde materiaalcombinatie. Dit verschil in rendement en de vereiste stikstof of
droge-lucht omgeving die nodig was voor de spontane spreiding van de D2:A mix zijn in
tegenspraak met elders gerapporteerde data. De 5,4% efficiëntie die behaald werd met
spontane spreiding wordt waarschijnlijk gelimiteerd door de hoge ruwheid van de actieve
laag, wat de ladingscollectie bij de elektrodes verhinderd. Een efficiëntie van 2,2% werd
behaald met de spontane spreiding van de D1:A mix. Om te voorkomen dat lagen
gefabriceerd op water niet breken terwijl ze worden overgebracht naar een
zonnecelsubstraat, wordt er een component toegevoegd aan de oplossing die een hoog
kookpunt heeft. Dit additief heeft echter een nadelig effect op de fasescheiding van de
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elektrondonor en elektronacceptor in de actieve laag, waardoor de efficiëntie van de D1:A
zonnecel gelimiteerd werd. De spontane spreiding van de D3:A mix gaf een
zonnecelefficiëntie van 5,2%, die hoger is dan de efficiëntie van zonnecellen gefabriceerd
door middel van spincoaten. Analyse van beide actieve lagen liet zien dat het verschil in
efficiëntie veroorzaakt werd door verschillende fasescheiding in de actieve lagen. De
zonnecel gefabriceerd met behulp van spontane spreiding bestond uit twee dezelfde D3:A
lagen die op elkaar waren gestapeld, resulterende in een bi-laag zonnecel. Om de hoge
efficiëntie met bi-laag zonnecellen te realiseren was het nodig om de gestapelde lagen bloot
te stellen aan chloroformdamp. Belangrijk is dat het stapelen van meerdere actieve lagen op
elkaar geen nadelig gevolg had voor de efficiëntie van de zonnecel. Het fabriceren van dit
soort multilaagsystemen vanuit hetzelfde oplosmiddel is een interessante eigenschap van de
spontane-spreiding methode, aangezien dit (vrijwel) niet gerealiseerd kan worden met
andere coatingtechnieken. De spontane-spreiding methode opent dan ook nieuwe
mogelijkheden tot de fabricage van gecompliceerde zonnecelarchitecturen. In Hoofdstuk 4
wordt daarnaast beschreven hoe met de spontane-spreiding methode en het toevoegen van
een gaten-transport materiaal aan de waterfase, meerdere lagen van een zonnecel in één stap
gemaakt kunnen worden.
In Hoofdstuk 5 wordt de spontane spreiding verder

-3.3

bestudeerd om bi-laag ternaire actieve lagen te maken.

D1

Dit wordt gedaan door een foto-actieve laag, bestaande uit

−

-3.9
D2
-4.2
−

+

-5.6

een elektrondonor met een lage Eg en een elektronacceptor
(D2:A), te spreiden op water en vervolgens aan te brengen
op een actieve laag die een elektrondonor met een hogere
Eg bevat samen met een elektronacceptor (D1:A) (Eg,D1 >
Eg,D2). Deze D1:A laag werd gemaakt met behulp van
spincoaten. De resulterende architectuur van de bi-laag
ternaire zonnecel met bijbehorende energieniveaus is

+

A
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-6.2

MoO3
Ag

Figuur 5: Energiediagram van
een bi-laag ternaire zonnecel.

weergegeven in Figuur 5. De hoogste efficiëntie behaald met deze architectuur was 5,9%,
een verbetering vergeleken met de efficiëntie van de individuele lagen. De spectrale respons
van de cel toonde aan dat beide polymeren (D1 en D2) bijdragen aan de fotostroom. Omdat
de twee polymeren licht absorberen in een verschillend golflengtegebied ontstaat een
interessant effect in de stroom-spanningscurve (J–V) en in externe kwantumrendement
(EQE). Het selectief belichten van het lage bandafstand materiaal (D2) met een lichtbron
van lange golflengte resulteerde in een EQE > 100% voor het hoge bandafstand materiaal
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(D1). Dit effect kon ten dele verklaard worden met drift-diffusie berekeningen die het
elektrische veld in de zonnecel onder verschillende belichtingscondities kunnen simuleren.
De opmerkelijke resultaten kunnen mogelijk verder verklaard worden door een
energiebarrière voor elektronentransport over het gecreëerde grensoppervlak tussen de twee
lagen. Deze hypothese werd ondersteund door (i) elektronen- en gaten-mobiliteitsmetingen
aan bi-laag zonnecellen, (ii) de resultaten van de J–V metingen van de afzonderlijke lagen
in de ternaire architectuur, (iii) het veranderen van de zonnecelarchitectuur zodat de
elektronen- en gatentransport in de zonnecel wordt omgedraaid, en (iv) de vergelijking van
resultaten behaald met bi-laag ternaire zonnecellen met ternaire zonnecellen bestaande uit
een enkele laag.
Om een beter begrip te krijgen van het effect van

PCDTBT
−

energiebarrières op de karakteristieken van de bi-laag

-4.2

PCE10
−

PDPP2T
−

ternaire zonnecel wordt in Hoofdstuk 6 een
vergelijking gemaakt tussen twee verschillende
architecturen

waarin

de

ene

zonnecel

+
-5.9

een

geïntroduceerde energiebarrière heeft en de ander niet.
Deze barrière zou in theorie het gatentransport over het
grensoppervlak in de bi-laag ternaire zonnecel moeten
belemmeren. De verschillende karakteristieken van

ZnO

+
-5.8

A
-6.2

+
-5.6
MoO3
Ag

Figuur 6: Energiediagram van een
zonnecel bestaande uit 3 actieve
organische lagen.

deze twee zonnecellen laat het significante effect van deze barrière goed zien. Selectieve
belichting van de actieve lagen in de bi-laag ternaire zonnecellen laat weer een verhoging
zien in de EQE metingen met een factor van 3,4, alhoewel in dit voorbeeld de EQE niet
boven 100% uit kwam. De gemeten toename is van dezelfde ordegrootte als besproken in
Hoofdstuk 5, maar geeft geen antwoord op de vraag of een energiebarrière een EQE > 100%
kan veroorzaken. De bi-laag ternaire zonnecel zonder energiebarrière gaf een efficiëntie van
3,3% die verhoogd kon worden tot 3,8% door er een derde laag op aan te brengen met behulp
van de spontane-spreiding methode. De architectuur van deze multilaagzonnecel is
weergegeven in Figuur 6. De resultaten beschreven in de Hoofdstukken 4, 5 en 6 laten de
interessante mogelijkheden zien van de spontane-spreiding methode die potentieel de
efficiëntie van organische zonnecellen kan verbeteren.
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Samengevat, laat dit proefschrift zien dat water een geschikt medium is voor het maken van
organische zonnecellen. Fotovoltaïsche lagen gefabriceerd uit watergedragen nanodeeltjes
resulteren in een zonnecelefficiëntie die het rendement van zonnecellen gefabriceerd uit een
oplossing benaderen. Om het resterende verschil te minimaliseren, is het belangrijk om een
betere controle te krijgen over de morfologie van de actieve laag. Dit kan wellicht
gerealiseerd worden door de fasescheiding in een nanodeeltje te modificeren of door pure
donor en pure acceptor nanodeeltjes te mengen in één dispersie. In het eerste geval kan er
gedacht worden aan het variëren van het oplosmiddel of detergentmolecuul in de miniemulsiemethode van de nanodeeltjes. Voor het tweede idee is het een uitdaging om
nanodeeltjes te produceren met een diameter van 10 nm of minder om de
excitondiffusielengte niet te overschrijden. Het proefschrift laat ook zien dat water een
geschikt substraat is om gecompliceerde zonnecelarchitecturen mee te maken. Om de
reproduceerbaarheid en veelzijdigheid van deze methode te verbeteren, is het van belang om
homogenere actieve lagen te maken. Hierin zijn oppervlaktespanningen, viscositeit, snelheid
van spreiden en verdampen, en geometrische parameters belangrijke factoren. Meer
fundamentele kennis over de samenhang van deze factoren gerelateerd aan organische en
polymere halfgeleiders is nodig om deze veel belovende methode te optimaliseren.
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