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Motivation for Photovoltaics

The motivation for the use of renewable energy will be explained by observing
two important trends. Firstly, the increasing live expectancy of the earths
population, which is expected to reach an average mortality age of 75 in 2100
[1] leading to a growing earth population, which is expected to reach 11 billion
(11 × 109 ) in 2100 [1]. Secondly, the increasing yearly energy consumption per
inhabitant, which has increased from 10 GJ/person to 30 GJ/person from 1950
to 2013 and is expected to increase further due to increasing prosperity [2].
These facts combined mean that the annual global energy use is expected to
increase a near three-fold from its current level of about 160 PWh to around
450 PWh in the year 21001 . The biggest question in the energy discussion is
therefore, how to supply the world with energy given the always rising demand.
It is, however, also important to keep in mind how to generate these large
amounts of energy without over polluting our environment and draining the
earth of its natural resources [3].
Figure 1.1 shows a projection of energy use by source type according to
the German advisory council on global change which takes into account the
mentioned increases and the expected fossil fuel reserves [3]. The growing
total energy consumption is clearly identified in this scenario, as well as the
expectancy for a large proportion of the energy to be produced from solar power.
The expected major role for solar power has two main reasons; first, fossil fuel
reserves are limited [4, 5] and even though the actual absolute reserves are much
debated, it is imperative that fossil fuels are eventually going to be severely
limited if not depleted. Second, of all renewable sources solar energy is by far
the most abundant [4, 6].
The energy challenge (depicted in Figure 1.1) is anything from straightforward. In order to supply the world of electrical energy, which in 2014 was 22% of
the total energy consumption, 8.7 TW of installed production power is required
1
Note that the word energy use or primary energy differs from the world final energy
consumption because much of the energy that is acquired is lost during the process of its
refinement onto usable forms of energy and its transport to the final consumer. In 2012 the
world primary energy use or supply was 156 TWh while the final energy consumption was 104
TWh

9
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Figure 1.1: Global primary energy use, projected till 2050 and 2100 according to the
German advisory council on global change, showing the increasing amount of total
energy use, and the fact that a large proportion of the total energy use will be dominated
by solar energy [3].

when one considers the current, mainly fossil fuel based production sources
for electricity2 . In order to obtain all this electrical energy from Photovoltaics
(PV) however, would require an installed power of 19.1 TWp (Wp stands for
Watt-peak, the power a solar panel provides under standard test conditions),
since PV typically has a lower capacity factor (namely 13.5% [5]) compared to
conventional electrical energy generation. This would accumulate to installing
885 000 km2 of solar panels3 , an area about the size of France4 . In this sample
evaluation the growth of the energy consumption and the ongoing transition
of the use of electrical energy are not even taken into account. It is expected
that the growth of the fraction of solar produced energy of the total energy
consumption (see Figure 1.1) will lead to an installed power requirement of 250
TWp in 2100 [3]. This has led to a large research interest for PV.
In 2014 the Netherlands had a cumulative installed solar power of 1042
2

22% of the total energy consumption (104 PWh) is 22.6 PWh which can be supplied by
2.6 TW of power. Using an average capacity factor of 30% [2] for the conversion of power this
accumulates to 8.67 TW installed power.
3
Considering a 20% efficient silicon solar panel [7] and 1000 W m−2 illumination which
accumulates to 200 Wp m−2
4
The author would like to stress here that, next to the fact that covering France with solar
panels would be a tremendous engineering challenge it, is also not at all beneficial for the
authors retirement plan
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Chapter: 1

11

MW, which only accumulates to about 0.5% of the total Dutch electrical energy
consumption [8]. On the other hand countries like Germany and Italy now
have a contribution of respectively 8% and 7% of solar energy to their total
electrical energy consumption [5]. At the end of 2014 the total installed PV
power world wide was 178 GW which is about 1% of the total global electrical
energy consumption. For 2015 it is expected to increase with 55 GW, if all
projected installation are to be taken into account [2]. All in all, although the
relative increase of solar power in 2015 which is nearly 1/3 of the global installed
power, the accumulated total is still no where near the required installed power
for the projected energy demand in 2100.

1.2

Photovoltaic principle

Conventional inorganic solar cells (like silicon and III-V) are based on layers of
semiconductor materials that are doped to change their electronic behaviour.
One semiconductor part (n-type) is doped with an element of higher valency
than the semiconductor material. Thereby more electrons are introduced in
the system making the electrons the majority charge carrier. The other part
(p-type) is doped with a material with lesser valency, thereby inducing electron
vacancies, called holes, in the material, making the holes the majority charge
carriers. Placed against each other the pn-junction (diode) is formed, which, by
diffusion of the majority carriers to the opposite domain, induces an intrinsic
electric field within the solar cell directed from the n to the p domain. Upon
illumination, a photon can be absorbed in the semiconductor by excitation
of an electron from the valance to the conduction band, leaving behind a
positively charged vacancy named hole. The electric field in the pn-junction
causes the electron to move towards the external metal contact at the n-side
of the cell and the hole moves towards the contact at the p-side. The electron
is subsequently transported over an external load before recombining with a
hole at the p-contact. For each photon being absorbed in the solar cell, one
electron-hole pair is generated providing the photon has an energy equal to, or
exceeding, the band gap of the solar cell material.
The band gap of a semiconductor is determined by the energy difference of
the valence and conduction band as shown in Figure 1.2. Since only photons
11

12
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with energy above the band gap are absorbed, a low band gap material leads to
a high absorption range but each photon provides solely one electron meaning
that the surplus of the photon energy is lost to thermalization (see Figure 1.2).
With the use of a high band gap material the high energy photons will be
used more effectively but the low energy photons will be totally ignored. A
compromise between these two situations results in a relationship between
the band gap energy and the maximum attainable Photovoltaic Conversion
Efficiency (PCEmax ) for a single-junction solar cell as shown in Figure 1.3. Under
illumination of 1 sun i.e. 1000 W m2 with a spectral distribution according to
the Air Mass times 1.5 (AM1.5) standard, the theoretical maximum efficiency,
also known as the Shockely-Quiesser limit, is 33.7% for a band gap of 1.44 eV
[9]. Figure 1.3 furthermore depicts the AM1.5 standard spectrum with the
theoretical maximum convertible power densities (i.e. absorbed power density
minus the thermalization losses) for a wide band gap cell (cyan) having a low
absorption and low thermalization loss, and a lower band gap cell (green) with
a larger absorption range, however, suffering from larger thermalization loss.
In contrast to conventional (inorganic) solar cells, Organic Photovoltaics
(OPV) have a different mechanism since their dielectric constant is lower
compared to inorganic solar cells. Therefore, in OPV absorption does not
directly lead to the formation of free charges as will be explained in more detail
in Chapter 2.
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Figure 1.2: Schematic depiction of the energy levels in a pn-junction solar cell showing
the valance and conduction band, Fermi level (EF ), the absorption of light leading to
the excitation of an electron over the band gap (Eg ), the transport of the electron in
the conduction band, the transport of the hole in the valance band, and the absorption
of a photon with energy exceeding the band gap leading to thermalization losses.
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Figure 1.3: The AM1.5 standard solar spectrum and the theoretical maximum conversion
efficiency as function of the band gap. (Note that the upper and lower x-axis are
matched). The inset represents the definition for the AM1.5 spectrum which stands for
Air Mass times 1.5 spectrum. The AM coefficient is defined as the direct optical path
length through the Earth’s atmosphere, expressed as a ratio relative to the path length
at the equator. The solar spectrum also shows the theoretical maximum convertible
power densities (i.e. absorbed power density minus the thermalization losses) for solar
cells with a band gap of 1.86 eV (InGaP, cyan) and 1.1 eV (Si, green).
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1.3

Photovoltaic output

Under illumination, the characteristic diode current density-voltage (J-V) curve
shifts downward with the photo-current density (JL ), resulting in the J-V curve
of a solar cell (see Figure 1.4). The typical J-V curve is given by:

J = Jdark − JL = J0 e

qV
nif kB T


− 1 − JL

(1.1)

in which q, nif , kB , J0 and T are respectively the elementary charge, the
diode ideality factor (typically between 1 and 2), the Boltzmann constant, the
dark saturation current density and the cell temperature. It is important to
note that, although displayed in the fourth quadrant here, commonly IV curves
are displayed in the first quadrant, effectively inverting all data, to improve
readability. A convention which will also be applied in the remainder of this

current density

thesis.

dark

Voltage

VMP

Voc

JL
MP

JMP

Jsc

illuminated

Figure 1.4: Typical J-V characteristic of a solar cell showing the dark-curve and the
illuminated-curve, the short-circuit current density (Jsc ), open circuit voltage (Voc ),
maximum power point (MP), current density at maximum power point (JM P ) and
voltage at maximum power point (VM P ) are depicted.

By calculating the product of J and V for all points on the curve, the
electrical power density output as function of voltage is found. The maximum
in this power density-voltage relation defines the maximum power (density)
point (shown in Figure 1.4 on the J-V curve), the setting at which the solar cell
generates the highest possible power output. From the J-V curve the key solar
cell parameters can be deduced. These parameters are: the short circuit current
density (Jsc ) which is the current at zero voltage and is directly proportional to
14
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the available sunlight (JL ); the open circuit voltage (VOC ) which is the voltage
at zero current which increases logarithmically with increasing sunlight:
Voc

nif kB T
=
ln
q




JL
+1 ;
J0

(1.2)

the fill factor, a measure for the quality of the solar cell, is defined as:
FF =

Jmp Vmp
Jsc Voc

(1.3)

and from it the Power Conversion Efficiency (PCE) can be defined as:
P CE =

Jsc Voc F F
PL

(1.4)

in which the PL is the power density of the light incident on the solar cell.
Furthermore, two resistances are important in the solar cell operation namely
the series and shunt resistance (RS and RSH ). The series resistance can be
deduced from the slope of the J-V curve at Voc and the shunt resistance can be
deduced from the slope of the J-V curve at Jsc . The Rs is the resistance in
series due to loss in conductivity between layers in the solar cell; and the RSH is
the resistance in shunt due to defects in the solar cell which provide alternative
paths for current. Ideally the RS should be zero and the RSH should be near
infinite.
In this work, VOC , Jsc , FF and PCE will be reported whenever solar cell
performance is reviewed.

1.4

Photovoltaics types

Figure 1.5 gives an overview of the increase of the record power conversion
efficiencies for solar cells based on different material systems as obtained in
research laboratories all over the world. Crystalline silicon solar cells (shown
with a blue line) are under development since the early days of solar cell
research and have reached a (non-concentrated) PCE of 25.6%. The thinfilm technologies, like CIGS, CdTe and amorphous Silicon (a-Si), have been
developed over an almost equal time span and reached a PCE of 13%-24%.
Lower efficiency techniques including organic, dye-sensitized, quantum dot and
15
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perovskite5 solar cells; have the benefit of potential low production costs [11].
They suffer, however, from rapid degradation in performance. Furthermore,
Figure 1.5 shows high efficiency techniques, like III-V solar cells (in pink)
and concentrated photovoltaics, usually also III-V technology combined with
systems to concentrate the light, which go up to 46% PCE. The costs associated
with these techniques is higher compared to regular crystalline silicon modules.

Figure 1.5: Development of record solar cell power conversion efficiencies for different
solar cell materials as measured by the National Renewable Energy Laboratory [12]

1.5

Transferred photovoltaics and thesis outline

III-V solar cells are usually not referred to as thin-film cells. However, the
most frequently used materials for these cells such as Gallium-Arsenide (GaAs)
and Indium-Gallium-Phosphide (InGaP) are direct band gap semiconductors
with high absorption coefficients. Therefore, a stack with a thickness of only a
few micrometres of these materials is required to absorb all light that the cell
can convert into electricity. The reason why III-V cells are not referred to as
thin-film, is that the cell structures are generally deposited on approximately
5

Perovskite solar cell have recently seen a significant increase in efficiency nearing the 20%
[10], however, since they are fairly unstable and un-evolved in terms of production capacity
they are here considered in the same category as organics.

16
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Figure 1.6: Schematic depiction of the wafer-based III-V solar cell and the transferred
thin-film III-V solar cell [13]. ARC stands for Anti Reflection Coating.

0.35 mm thick GaAs or germanium wafers in order to obtain high-quality single
crystal solar cell structures. In the present fabrication techniques, the active
thin-film structure including the passive substrate are processed together to
a thick solar cell (see Figure 1.6a). For demanding space applications, such
high-efficiency cells have rapidly replaced the initially used crystalline silicon
solar cells.
Compared to the way III-V cells are manufactured nowadays, the amount of
expensive semiconductor material used to generate a certain output power can
be reduced two orders of magnitude by the application of an Epitaxial Lift-Off
(ELO) technique (see Figure 1.6b). The ELO technique is an etch method to
separate thin-film III-V structures from their original substrate [13–15]. The
actual thin-film structures are transferred to a low cost foreign carrier like a
metal foil for stability and further processed into a genuine thin-film cell while
the expensive wafer can be reused for growth of the next thin-film cell structure
[16]. In this thesis studies are described with respect to:
i) the applicability of the thus obtained thin-film III-V solar cells and
ii) the applicability of the transfer principle for the production of organic
solar cells.
17
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Transferred thin-film III-V solar cells have a huge potential for spacecraft
applications because they are significantly lower in weight than their presently
used wafer-based counterparts. In addition the thin-film cells by virtue of their
flexibility no longer require a rigid support which allows for an even larger
weight reduction on module level. This, however, requires the development of
an equally flexible protective layer as replacement for the cover glasses that are
currently applied to protect the wafer based solar cells from the harsh conditions
(in particular charged particle irradiation) encountered in space. In Chapter 3
the potential weight reduction for space solar panels is discussed in further
detail and based on the requirements a number of materials are identified and
tested for their suitability to serve as a flexible protective coating. Based on the
ease of synthesis, transparency and flexibility, Methyltrimethoxysilane Based
Siloxanes (MBS) turned out to be the most promising candidates for further
UV and electron irradiation analyses at the European Space Research and
Technology Centre. This study is described in Chapter 4.
Another potential application of the transferred III-V solar cells is related
to the fact that these cells can be produced as a semi-transparent film [16]. In
this way the low energy photons that are not used in the cell can be utilized
in an underlying device. This might e.g. be a low band gap solar cell or an
upconverter. In the latter case two low energy photons are used to produce
a single high energy photon that is directed back to the cell, in which it can
now be absorbed and converted to electrical power. In Chapter 5 this principle
is experimentally investigated utilizing a semi-transparent InGaP solar cell
transferred to a transparent carrier and mounted on top of an upconverter.
The upconverters for this study consist of lanthanide doped host materials
dispersed in a poly methyl methacrylate (PMMA) layer. The performance of
three different host materials doped with ytterbium and erbium lanthanide ions
are studied in detail.
The transferred photovoltaics principle, in which a dedicated growth template is utilized to produce an optimal active layer structure that subsequently is
transferred to another carrier, has also been applied in OPV [17]. The operation
principle of an OPV cell, which is fundamentally different from that described
in Section 1.2 for a regular inorganic cell, is outlined in Chapter 2 of this thesis
while in Chapter 6 the use of Muscovite mica as a growth template to produce an
18
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optimal internal structure for fullerene thiophene-polymer (PCBM:P3HT) solar
cells is studied. In particular the crystallisation process of the PCBM acceptor
and resulting morphology and distribution of the crystallites in the active layer
structure are investigated. The feasibility of the approach is demonstrated by
implementation of a water float-off process for the active layers followed by
transfer to a ZnO coated ITO-glass substrate and further processing into an
operational solar cell. The transferred cell shows an improved performance
over its non-transferred counterpart that is directly produced on a ZnO coated
ITO/glass substrate.
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Chapter 2

Organic photovoltaics: theory
& systems
Abstract
This chapter provides the basic organic solar cell theory that is required as
a background for the research described in Chapter 6. It starts with a short
introduction in OPV structures followed by a more extensive description of the
photovoltaic process in organic solar cells. Subsequently materials used in OPV
cell fabrication and device structures are discussed and finally stability and
industrial processing are briefly described.
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Introduction

Organic solar cells were first created in the late 1950s with fairly low efficiency
levels (<1%). In the last two decades, however, interest has been growing
because of the developments in synthesizing materials with mutually matching
optical-electronic properties; increasing control of morphology in the photon
harvesting layer(s), as well as in module design and additives [1]. These
improvements led to Power Conversion Efficiencies (PCEs) of up to 12% while
maintaining a low cost processability aspect [2, 3]. As continuously on-demand
synthesis of new lightweight, flexible and inexpensive materials are realized and
improvements in micro-contacting, lithography and processability, for example
via ink-jet printing, are made, the potential for organic solar cells is steadily
growing [3–9].
Since organic materials have lower dielectric constants compared to inorganic
materials, organic photovoltaics operate on a different principle. In Organic
Photovoltaics (OPVs) the absorption of a photon leads to the creation of a
tightly Coulombic-bound neutrally charged electron-hole pair, called exciton.
At an energy level interface, this exciton is split into an electron and a positively
charged vacancy named a hole. A more detailed description of this process will
be presented in section 2.2.
Figure 2.1 shows different organic solar cell types and morphologies developed over time. First shown is the single layer solar cells consisting of a single
phase of molecules or polymers, of which the best known example is the dyesensitized solar cell (DSC). The DSC contains a metal-organic dye absorbing
light which transfers an electron to an inorganic carrier usually TiO2 [10]. The
second shown device is the double layer solar cell which utilizes two layers of
organic material as an pn-junction. One material has a low ionization potential,
that easily donates an electron and is therefore called the electron donor (D),
the other material has a high electron affinity, thus can easily absorb an electron,
and is called the electron acceptor (A). A bilayer system is not commonly used
since it suffers from either low absorption or low charge generation as will be
later discussed. Bulk-Heterojunction (BHJ) organic solar cells, the third group
contain an mixture of two organic materials which are blended in order to
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increase the pn-junction surface area. This last group has reached PCEs of
10% [11], for fullerene:polymer-based devices [5]. The main reason for their
relative high efficiency is the high exciton transport efficiency, given by the short
distance the exciton has to diffuse to reach the donor-acceptor interface. A
distinction is made between BHJs with a macro-scale morphologies (as drawn in
Figure 2.1) and those with the donor and acceptor material mixed at nanoscale.
The first relies on the principle that excitons reach the donor-acceptor interface
(within their life-time), are dissociated and free charges are transported in
unobstructed percolation pathways. The nanoscale morphology BHJ cell has a
much higher efficiency of exciton dissociation because of the better mixing of
the two materials. The transport of free charges to the electrode, however is considered to follow a hopping mechanism, which includes both donor and acceptor
materials in its path. As a result, it suffers from electron- and hole-transport
issues due to recombination and charge accumulation.
The ordered heterojunction (OHJ), or controlled heterojunction (CHJ) has
a more controlled structure through phase separation of the materials and is
the optimal design morphology for heterojunctions solar cells. Different from
the macro-scale BHJ, direct spatial control of one or both active layer materials,
controls the morphology with a specific domain size and a well-defined clear
percolation pathway for electron-/hole-transport. Practical examples are rare,
however, since the spatial organisation of polymers and small molecules at this
meso-length scale is particularly difficult to control [12, 13]. Chapter 6 of this
thesis describes a study to control the morphology of the active layer for an
organic photovoltaic device utilising a dedicated template for it production.

single layer

bilayer

bulk-heterojunction ordered-heterojunction
ITO

ITO

ITO

electron collection layer

single material layer

electron donor
electron acceptor

back electrode

back electrode

back electrode

back electrode

ITO

hole collection layer

Figure 2.1: Schematic representation of different organic solar cell types.
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Photovoltaic progress in organic solar cells

Organic solar cells convert photons into electrons in a four step process. Their
combined efficiency, the internal quantum efficiency (IQE), is the product of
the efficiencies of each individual step. Each of the four steps mentioned below
will be described in the coming sections. In the discussion the donor ground
state is abbreviated with a

1,3 D,

the first singlet excited donor state with 1 D∗ ,

the first triplet excited donor state with 3 D∗ and the acceptor is abbreviated
with an A.

ηIQE = ηA ηED ηCT ηCC

(2.1)

in which the components are the efficiency of absorption (ηA ), exciton formation
& diffusion (ηED ), exciton dissociation (ηCT , CT = charge transfer) and charge
collection (ηCC , CC = charge collection) [14, 15].

2.2.1

Absorption

Absorption of a photon (light) in the donor layer causes excitation of an
electron from the Highest Unoccupied Molecular Orbital (HOMO) to the
Lowest Unoccupied Molecular Orbital (LUMO) or from 1 D to 1 D∗ . Only
photons with an energy equal to (or larger than) the energy difference between
the DHOM O and DLU M O may excite an electron. The absorption process is
depicted in Figure 2.2 and in Equation (2.2) in which d is the thickness of the
active layer and α is the absorption coefficient. The efficiency of absorbance
is dependent on the absorption coefficient (α) The absorption coefficient of
organic materials is (considered) high and is in the range of 106 -107 cm−1
because of the relatively high oscillation strength of organic compounds. On
the downside, their absorption bandwidth is usually rather small and therefore
absorption assistance in form of additional molecules or side-groups are ways to
enhance the efficiency. Also tandem cells have been developed [16] to increase
the absorption range of the device by using two layers which individually absorb
different ranges of the light spectrum.
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1D* or 3D*

front

donor
HOMO

LUMO

absorptiona & exciton formation:
acceptor
HOMO

back contact

LUMO

1D
Figure 2.2: Energy diagram depicting
absorption of an photon in the donor
layer of an organic solar cell. Showing the excitation of an electron from
the DHOM O to the DLU M O and subsequently the formation of an exciton.
1
D is the singlet ground state, 1 D* is
the singlet first excited state, 3 D* is the
triplet first excited state.

2.2.2

1,3

hν

ISC 3

D → 1 D∗ →

D∗

ηA ∝ 1 − e−αd

(2.2)
(2.3)

a
Note that the absorption efficiency not
solely depends on the absorption coefficient, other (optical) parameters also effect the total absorption in organic photovoltaics.

Exciton formation and diffusion

The step directly following absorption is Vibrational Relaxation (VR)1 , which
is the loss of excitation energy through a non-radiative process involving the
dissipation of vibrational excitation energy to the surroundings through collisions
and is often preceding Intersystem Crossing (ISC). VR leads to the formation
of the exciton by de-localisation of energy into an electron-hole complex, which
is represented by 1D∗ in Equation (2.2). Alternatively, transfer from the singlet
state to the triplet state via Inter System Crossing (ISC) as also shown in
Equation (2.2) can lead to a triplet exciton (3 D∗ ). ISC is an radiationless
transition between different multiplicities not to be confused with internal
conversion (IC) which is a similar process within the same multiplicity [17].
Since the binding energy of the electron-hole pair cannot be overcome by
the thermal energy, a Coulombic bound pair (exciton) is formed which will
not directly dissociate in free charges. The exciton formed in small dielectric
constant materials (like the organic materials used in OPV) is a Frenkel exciton
1

Indicated with a red arrow in Figure 2.3
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[17, 18]. The Coulomb interaction is strong and the exciton is the same
dimension range as the unit cell of the material, making the exciton localized.
In contrast de-localized excitons, usually referred to as Mott-Wannier excitons,
are typically observed in high dielectric constant materials like most inorganic
semiconductors.
Once excited, the electron can fall back to the ground state through several
mechanisms: non-radiative recombination, fluorescence (and phosphorence) and
non-radiative recombination. These loss mechanism are summarized by red
arrows in the Jablonski diagram (Figure 2.3).
VR
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3

ISC
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1

CT

4

2
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ph

T1
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1

CT
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3

ﬂuor

non-radiative
recombination
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ti
No n - r a d i a

ec
ve d

ay

Figure 2.3: Jablonski diagram of processes in molecular energy levels, showing: ground
state S0 , the first excited singlet (S1 ), the first excited triplet (T1 ) and charge transfer
(1 CT and 3 CT) states. Furthermore, absorption (abs), fluorescence (fluor), nonradiative recombination, Internal Conversion (IC), Vibrational Relaxation (VR), Inter
System Crossing (ISC), phosphorescence (phosph) and non-radiative decay are shown.
The diagrams also shows the crucial steps in the photovoltaic conversion of photons via
absorption (1), direct dissociation (2) and charge reaction (3) to the 1 CT or 3 CT state
and re-ionization from 1 CT or 3 CT to free charges (process 4).

In non-radiative recombination, the excess energy is transformed into vibrations of atoms, also known as phonons. This is regarded as a competing process
and should be avoided as much as possible, for example by keeping impurities
at a minimum.
The state in which the exciton resides shapes its lifetime. Singlets decay by
fluorescence which brings the lifetimes of excitons in the order of nanoseconds.
Triplets on the other hand have a lifetime the order of milliseconds due to
their slow phosphorescent decay. Triplet excitons cannot be generated directly
upon absoprtion of a photon, however, ISC, from the S1 state results in the
formation of a triplet excited donor state (3 D∗ ) [19]. Being able to utilise these
triplet states, as has been done by using for example heavy metal dopants [15],
would thus greatly extend the exciton lifetime. Alternatively, triplet sensitizers,
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usually iridium complexes, may be doped in the material to assist in transferring
the exciton from the singlet state to the triplet state [20].

D*

LUMO
LUMO

acceptor

HOMO
HOMO

1,3 ∗

D →1,3 D∗

back contact

front

donor

exciton diffusiona :
(2.4)

−d

ηED = e LD
√
LD = Dτ

(2.5)
(2.6)

a

LD =diffusion length, D=diffusion coefficient, τ exciton lifetime

D
Figure 2.4: Energy diagram depicting
exciton diffusion indicating the transport of the exciton though the donor
material in random motion but preferably towards the interface of the donoracceptor material.

Once formed, excitons are transported through the donor material by
means of diffusion. Their motion is not influenced by an electric field and
they diffuse randomly [1]. Predominantly, the excitons diffuse via the Föster
Resonance Energy Transfer (FRET) mechanism [1]. Since lifetimes of excitons
are relatively short exciton diffusion lengths are only about 5-10 nm[5, 21].
The short lifetime is due to the fact that the exciton diffusion step is highly
susceptible to the losses mentioned above. Figure 2.4 and Equation (2.4) depict
the transportation of excitons in the donor material and the associated efficiency
equation (Equation (2.5)), which is depended on the inverse layer thickness
(d) and diffusion length (LD ) of the exciton. The latter is dependent on the
diffusion coefficient (D) and the lifetime of the exciton (τ ). It now becomes
clear that the layer thickness is a delicate parameter in organic solar cells. A cell
with a thick active layer will absorb more photons, however, it will suffer from
increased exciton recombination due to the limited exciton diffusion length; a
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thinner device will have increased exciton dissociation, but will suffer from low
absorption. In order to overcome this basic limitation the morphology of the
active layer should be carefully controlled.

2.2.3

Exciton dissociation

Upon absorption by the donor, excitons are initially formed in the singlet state
(1 D∗ ) since the spin is not allowed to change. The binding strength of the
exciton, which is up to 0.5 eV, is much higher than in Inorganic Photovoltaics
(IPVs), where it amounts to 0.01 eV. The latter exciton is easily and quickly
dissociated in to two charges by thermal energy of 0.025 eV, but in OPV,
additional energy is required. Near the donor-acceptor interface (D-A interface),
these singlet excitons can dissociate directly to free charges (via the direct
energy transfer mechanism), which yields the desired charge separated state
(CS). The energy offset at the donor-acceptor interface, which the exciton should
reach within 10−9 -10−12 s, should be sufficient to dissociate the exciton into
charge carriers. In this process (indicated with a 2 in the Jablonski diagram in
Figure 2.3) the electron is transferred from the DLU M O to the ALU M O provided
that the energy difference between these two (indicated with ∆ in Figure 2.5
and Equation (2.8)) is sufficient. This means that the energy levels difference
between ALU M O and DLU M O should be larger than Eexciton (0.5 eV) and also
that the DLU M O level is higher in energy than the AHOM O level (as depicted in
Figure 2.5); the latter in order to assure the holes end up in the donor material.
Usually ∆ is in range of a few hundred meV and depends on the materials
chosen.
The direct dissociation of the exciton in free charge carriers (D+ and A− )
is enhanced when ∆ is larger, however, increasing this energy difference (by
lowering ALU M O ) reduces the open-circuit voltage of the solar cell. Similar
to the absorption-exciton dissociation balance mentioned earlier, this exciton
dissociation-voltage balance requires optimization to obtain solar cells with the
highest efficiency.
Dissociation can only occur when the distance of the electron to the D-A
interface is within the exciton diffusion length which is directly correlated to
the exciton lifetime (τ ). The dissociation mechanism consists of singlet excitons
forming bound interfacial charge transfer states (CTs), which contains charge
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carriers that are Coulombically bond across the D-A interface (indicated with
[D+ -A− ] in Equation (2.7)). These states either have singlet (1 CT) or triplet
(3 CT) characters and are referred to as geminate pairs, which energies are
dependent on the Coulombic attraction and the separation distance. The CT
states can either recombine to the ground state or dissociate into free charges
via the charge-separated states (CS). The former proceeds via lumienscence
or via non-radiative decay. The latter occurs when the distance between the
two charges, in the charge transfer states (1 CT or 3 CT), becomes larger then
the Coulomb capture radius, the CT state becomes a charge separated state
(CS) of free charge carriers (D+ andA+ ). Preferably, this CT to CS rate exceeds
the 3 CT to 3 D∗ rate so as to maximize exciton dissociation. The 3 CT state
recombination rates to the ground state are slow, instead, they generally relax
to the donor triplet state (3D) if the energy level of 3D is below that of 3 CT.
[22–25].
In a fully blended BHJ with a nanoscale morphology smaller than the
Coulomb capture radius (16 nm), exciton states have a high probability to
directly dissociate at the D-A interface. This is mainly due to the strong
D-A interaction in these mixed systems, which is obtained when one uses the
right ratio of donor and acceptor as well as the right processing solvent(s) and
annealing conditions.

32

Chapter: 2

33

D*

LUMO
LUMO

exciton dissociation:

acceptor

HOMO
HOMO

back contact

front

donor

1,3

D∗ → [D+ − A− ] → D+ + A−
(2.7)
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D
Figure 2.5: Energy diagram depicting
exciton dissociation at the interface of
the donor and acceptor material. Shown
is successful separation of charges.

2.2.4

Charge collection

The last process in OPV energy conversion is charge collection, which consists of the transport of free charge carriers through either the donor (hole
transport) or acceptor (electron transport) phase. Both transports, depicted
in Figure 2.6 are based on intrinsic material properties, like HOMO/LUMO
levels, ionisation potential, electron affinity and Coulomb correlations, as well
as extrinsic properties, like crystallinity, morphology, disorder and potential
impurities. Equation (2.11) describes the general charge mobility (µ). Since
there is a lack of long-range order and orbital overlap in most organic solar
cells, charge displacement does not occur through displacement of a de-localised
wavefunction. Instead, electrons hop from one area to the other in a localised
matter, thereby passing from the ALU M O energy state to the lower lying Fermi
level of the back contact. In the other direction holes move from DHOM O to the
front contact. For this reason ηCC depends on the multiplicity of the hopping
events (see eq. (2.12)) [5, 26, 27]. Charge collection is commonly performed by
a transparent conductive oxide on the front-side and a full metal contact on
33
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the back side (see section 2.4). Optional contact layers can be used to increase
charge extraction. It is important to note here, that one of the major loss
mechanism in this final step is charge recombination. Here, the morphology
also plays a critical role, since a clear percolation pathway provided, by as pure
as possible, domains of acceptor and donor material, is favourable.

1D
charge transport:
LUMO

front

donor

acceptor

HOMO
HOMO

back contact

LUMO

(2.9)

D+ + D → D + D+
" r #
V a
µ = µ0 exp γ
L

(2.10)

ηCC ∝

n
Y

ηi (µ)

(2.11)

(2.12)

i=1

D

a
in which µ0 is the charge carrier mobility in the dark state, γ is field activated
factor and VL is the applied electric field.

Figure 2.6: Energy diagram depicting
free charge carrier transport though the
donor and acceptor material towards
their respective electrodes.

2.3

A− + A → A + A−

Materials in organic solar cell

Although morphology is the primary research objective for the OPV section in
this thesis (see chapter 6), the commonly used materials in OPV, their influence
on device characteristics and how they are influenced by adjusting materials
properties as well as process parameters will be discussed here briefly. The
focus will be put on materials used in BHJ organic solar cells, as this is the
most common OPV type and this thesis solely consists of BHJ cells and their
morphological improved counterparts.
In 1992, Sarificiti et al. [28] for the first time used a fullerene in combination
with a polymer for photo-induced charge transfer. Yu et al. [29] used MEH34
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PVV2 and PC61 BM3 , in a blend, for the first time in 1995. PVV was chosen as a
donor for its hole conduction properties and has been used in more combinations
with large conjugated molecules as acceptors. Soon after PPV’s were replaced
by polythiophenes as donor material since they have easily tunable properties
and have the advantage that they are reasonably soluble and crystallize well
upon thermal annealing [30–34]. This latter property is especially useful for
obtaining a micrometer scale morphology, which is desired for BHJ [35–37].
The combination of PC61 BM and P3HT4 has become a benchmark in the OPV
field [38, 39].
P3HT, however, suffers from a relative high band gap, which allows for a
maximum absoprtion of 27% of the photons in the light spectrum5 . Recently,
increasing efforts have been devoted to so-called low band gap polymers, which
exploit a considerable larger proportion of the solar spectrum by having a
polymer molecular structure which enhances charge carrier mobility and lowers
the band gap [40]. Figure 2.7 shows the normalized accumulated photonflux
of the AM1.5 standard spectrum as function of the wavelength of light and
indicates polymer donors and their respective proportion of absorption of the
solar spectrum. The low band gap polymers PDPPTPT6 , PDPP3T7 and PS8
clearly stand out in terms of photon absorption. These polymers also show
excellent hole conduction due to their highly conjugated nature [41–46].
The band gap of the polymers is influenced by intra-chain charge transfer,
bonds length alternation, aromaticity, the effect of substituents, intermolecular
interaction and π conjugation [41, 47]. A decreasing band gap is observed as
the conjugated backbone of the polymer is increased, due to the decrease in
the difference in bond length between double and single bonds which results
in lower distortion of the band gap from bond length alternation. For the
moment, PC71 BM has become the most commonly used acceptor molecule
[45]. Furthermore, the performance of fullerene:polymer organic solar cells is
2

2-methoxy-5-(2-ethylhexyloxy)-polyphenylenevinylene
Phenyl-C61 -butyric acid methyl ester
4
Poly(3-hexylthiophene-2,5-diyl)
5
Considering the AM1.5 standard spectrum
6
poly[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl- alt[2,2-(1,4-phenylene)bisthiophene]-5,5-diyl]
7
poly[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl- alt
-[2,2:5,2-terthiophene]-5,5-diyl]
8
polysquaraines
3
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Figure 2.7: Integrated photon flux per wavelength showing donor polymers and indicating
the fraction of the solar spectrum absorbed by each polymer. Polymers are: MEH-PVV
(Eg =2.17 eV), P3HT (Eg =1.90 eV), PDPPTPT (Eg =1.53 eV), PDPP3T (Eg =1.30
eV) and PS (Eg =0.51 eV)

depended on the morphology of the polymer (and of the fullerene), which in turn
depends on the crystallinity of the polymer. As will be discussed in chapter 6
donor polymer crystallinity is dependent on polymeric properties of the donor
polymer, like for example, molecular weight[48, 49] and regio-regularity [50–52].
Figure 2.8 shows the band gap position in energy of several in this chapter
mentioned donor and acceptor materials. Furthermore, Figure 2.8 shows typical
electron and hole transport layers as used in this thesis.
The use of fullerenes as electron acceptors has been long established since
other small molecules suffer from the inability to reversibly reduce a similar
amount of electrons (namely six) and n-type polymers suffer from processability issues. Most commonly PCn BM (n = 61, 71, 81, ...) is used instead of
unfunctionalised fullerenes, since their better solubility outweighs the negative
effect of reduced stacking, loss of conductivity and electron accepting properties
introduced by the substituent. The C60 version of PCn BM is commonly used
since it is relative easily synthesised from unfuctionalised C60 , which in itself is
also, rather easily produced and purified, due to high symmetry [53].
The high symmetry of C60 also provides it with several forbidden transitions,
which limits the absorption characteristics of PC61 BM. The C70 fullerene
derivative PC71 BM is more suitable as OPV acceptor material, since it is
less symmetrical compared to PC61 BM and can thereby contribute to the
36
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Figure 2.8: Energy levels of organic photovoltaic materials showing polymer donors,
Fullerene acceptors, electron transport material - ZnO, hole transport material - CPPPEDOT, ITO and two metal back contacts. ZnO and CPP-PEDOT are shown since
they are both used in this work and the shown donors and acceptors are all mentioned
in this chapter.
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absorbance in the visible range [54].
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Device structure

Even though, for OPV, there are many types of materials, material combinations
and types of devices, the general device architecture of fullerene:polymer solar
cell is similar. Devices consist of a transparent electrode, usually applied on a
(flexible) carrier or substrate; upon which layers of organic material are deposited
using a form of solution processing. Finally, a back contact is commonly applied
via a vacuum depositing technique. Typically, devices for research purposes
are measured under N2 environment or ambient conditions, whilst commercial
devices are typically encapsulated in a transparent plastic.
Two device architectures are distinguished (shown in Figure 2.9) namely
the traditional setup, in which electrons are transported via the back contact
and the inverted setup in which electrons are transported via the front contact.
For these different configurations the transport layers, used in the devices for
hole and electron transport, are positioned inversely. The traditional setup
suffers from poor device stability since the metal back contact, which has to
contain a low work function (like aluminium or calcium), easily corrodes. The
inverted setup contains a back contact of silver (Ag) or gold (Au) which is less
susceptible to oxidation resulting in a device which remains stable for analysis
for a longer period of time in ambient conditions [21, 55].

-

Metal
ETL

-

Active Layer
HTL
front electrode

+

+

+

substrate / carrier

+

Metal
HTL
Active Layer
ETL
front electrode

-

-

substrate / carrier

Figure 2.9: Layer configuration of the traditional (left) and inverted (right) setup
commonly used in organic solar cells. Showing substrate or carrier with transparent
front electrode, Hole Transport Layer (HTL), Electron Transport Layer (ETL), active
layer and back contact plate.

Indium-doped tin-oxide (ITO) is regularly used as front electrode since it is
optically transparent and has good charge transport properties, however, its
rigidity makes it a less favourable candidate for large scale roll to roll production.
The first transport layer is typically applied via solution processing and, next
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to providing specific charge transport (and blocking carriers of the opposite
charge), it also provides a smooth surface for the active layer. Typical materials
for the Electron Transport Layer (ETL) are LiF, V2 O5 or, for the inverted setup,
ZnO and for the hole transport layer PEDOT-PSS is used for the traditional
configuration or CPP-PEDOT for the inverted setup. The second transport
layer, which is applied after the active layer, may be applied using thermal
evaporation, since this technique is afterwards used to deposit the metal back
contact plate [30, 55].
The active layer is applied from a solution containing both the acceptor
and the donor. Device performance greatly depends on the type of solvent
used. For example, for the PC61 BM:P3HT solar cell, good solvents (like
chloroform, chlorobenzene and dichlorobenzene) lead to the development of
larger self-organized morphologies, thereby extending the optical absorption
and promoting more balanced mobilities. For optimum device performance the
balance between increasing exciton dissociation and increased recombination
needs to be optimized in BHJ devices.
Solution processing of the transport layers and of the active layer is, on
lab scale, commonly done by spin-coating. Control over the layer thickness
is executed by the viscosity and spin speed. Additionally, thermal- or solvent
annealing is applied on the transport layers and the active layer. Both techniques
aid in the formation of morphologies at the desired length scale by inducing
and controlling phase separation and in some case the crystallization of either
or both active layer components [36, 56, 57].
Optionally, two active layers can be stacked upon each other to make a
tandem device (see Figure 2.10) as is also done in inorganic photovoltaics [58–
60]. Both active layers should be current matched since they are connected in
series. The latter requires precise control over the layer thickness and material
concentration since the absorption in each layer determines the generated
current. Furthermore loss of charge between the layers should be minimized.
Tandem devices are not common in OPV, however, they have been made with
moderate success and even triple-junction organic solar cells have now been
fabricated [3, 61, 62].
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Figure 2.10: Schematic overview of layer configuration in a tandem organic solar cell

2.5

Stability

Next to a high efficiency device, stability is an important and intensely investigated parameter of OPVs. Devices based on MDMO-PPV and MEH-PPV
as donor molecules have shown a low stability resulting from degradation of
the donor [5, 55, 63]. The stability of P3HT based devices is much higher. In
general, degradation is largely caused by water and oxygen penetrating the
electrode at the front side and interacting with the active layer and/or the
transport-layer. Degradation increases when devices are illuminated or when
the temperature is increased [64–66].
Solutions to the degradation problem are applying oxygen and water blocking
layers, thermally annealing the devices, using polymer materials with high glass
transition temperature (Tg ) (e.g. longer chain lengths) and using an inverse
structure to prevent degradation through the transport-layer [5, 35, 67]. Also,
effort is put into replacing the ITO contact layer with a less diffusive material
[5]. The results of ITO-free devices studied in 2 year outdoor operation are
promising [68, 69].

2.6

Industrial processing

From an industrial perspective, processing via spin-coating is unsuitable for
high volume production and techniques like slot-casting, coating and printing
are used. Slot-die and screen printing are preferred since thickness and width
can be controlled [5, 70]. Krebs et al.[6, 71] have shown translation of laboratory
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scale to full roll to roll (R2R) processing of all layers on a ITO-PET substrate
roll utilizing slot-die and printing techniques obtaining PCE’s of around 3.5%
in the resulting solar cells. These PCEs are lower than analogous solar cells
made by spin coating, because the layer morphology is less controlled in R2R
processing. A commonly observed problem in R2R processing is the inflection
point problem meaning that the current flow in the cell is effected due to a poor
charge transfer layer. Also the solvents used in roll to roll processing are usually
water or alcohol(s) since these are environmentally benign, an aspect that must
be considered because of the large volumes of solvents that are consumed. In
conclusion, a lot of effort is required to make R2R processing more cost effective
[70, 72].
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[70] R. Søndergaard, M. Hösel, D. Angmo, T.T. Larsen-Olsen, and F.C. Krebs.
Roll-to-roll fabrication of polymer solar cells. Materials Today, 15(1):36–49,
2012.
[71] F.C. Krebs, S.A. Gevorgyan, and J. Alstrup. A roll-to-roll process to
flexible polymer solar cells: model studies, manufacture and operational
stability studies. J. Mater. Chem., 19:5442–5451, 2009.
49

50

Section: 2.6

[72] F.C. Krebs and M. Tromholt, T.and Jorgensen. Upscaling of polymer
solar cell fabrication using full roll-to-roll processing. Nanoscale, 2:873–886,
2010.

50

Chapter: 2

51

51

52

Section: 2.6

52

Chapter 3

Flexible shielding layers for
solar cells in space
applications1
Abstract
The development of flexible thin-film, high-efficiency III-V solar cells enables
the design of new flexible, light-weight solar arrays for space applications. One
requirement for these solar panels is the replacement of the rigid cover glasses
by a flexible shielding layer. In this work three candidate materials based on
commercially available polyimides and synthesized polysiloxanes for such a
shielding layer are compared with respect to their applicability as shielding
layers and their optical and mechanical properties. The required coatings
were produced using polysiloxane composites based on methyltrimethoxysilane
(MTMS).
In addition, these materials showed excellent optical properties and tunable
flexibility and were therefore selected for further analysis. This analysis demonstrated the possibility to dope these materials with Ce to increase the radiation
hardness. Dependent on the applied curing method virtually no loss of volatile
condensible components is observed in outgassing tests. With these properties
1

The study presented in this chapter is based on ”Flexible shielding layers for solar cells in
space applications” by J. Feenstra, R.H. van Leest, N.J. Smeenk, G. Oomen, E. Bongers, P.
Mulder, E. Vlieg and J.J. Schermer ; Journal of Applied Polymer Science Volume 133, Issue
28, 2016; Page 43661.
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MBS is found suited for further space qualification testing.
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3.1

Introduction

In recent years the Epitaxial Lift-Off (ELO) technique is increasingly recognized
as a method to reduce the costs of III-V solar cells for space applications and
concentrator systems [1–3]. ELO separates single crystalline thin-film structures
from their growth template (GaAs, Ge or InP wafer) by selective etching of
an intermediate release layer [4–8]. Cost reduction is achieved by reusing the
expensive wafers for the production of subsequent thin-film solar cell structures
[9]. It was demonstrated that the use of the ELO technique can result in
flexible, thin-film solar cells, with efficiencies equal to that of cells on their
growth substrate [10]. An example of a flexible thin-film solar cell is shown in
Figure 3.1 As a result of photon confinement [11, 12], single-junction thin-film
structures with efficiencies that surpass the best performance of wafer-based
cells were reported [13–15]. Furthermore, the ELO technique is beneficial for
an inverted metamorphic triple-junction solar cell [16], where substrate removal
is required for the cell to operate.
Most of the III-V solar cells produced nowadays are used for powering
satellites. For this application the current generation wafer-based III-V cells are
mounted on rigid carbon fibre/aluminium honeycomb panels for stability and
covered with a glass shielding to protect the cells from the harsh environment
encountered in space (see Figure 3.2a). The coverglass typically has a thickness
of 100 µm and contains approximately 2% cerium [17], because this element
absorbs the high energy UV photons encountered in space, thereby protecting
underlying layers (adhesive and solar cell). At the same time cerium prevents
damage to the borosilicate glass into which it is incorporated [18]. Radiation
damage in glass produces displaced, trapped electrons, and positive holes.
This gives rise to absorption bands, since the trapped electrons form color
centres ultimately leading to reduced transmission in the glass. The damage is
prevented by Ce(IV) ions absorbing the displaced electrons, while Ce(III) ions
eliminate the holes by electron donation.
For space applications the weight of the solar panel should be as low as
possible. The use of thin-film ELO cells on a metal foil carrier, as shown
in Figure 3.2, would immediately reduce panel weight with more than 25%.
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Figure 3.1: Flexible thin-film solar cells on a thin metal foil produced using the ELO
technique.

In addition a much larger weight reduction is possible on panel level since a
flexible thin-film solar cell does not require a rigid support which is currently
applied. However, the current rigid panel mount is not solely applied for the
support of the brittle wafer-based solar cell but additionally provides support
for the cerium doped coverglass (CMX). In order to facilitate the use of a light
weight solar cell combined with a flexible light weight mount, also a flexible
replacement for the rigid coverglass is required. Aiming for an equal protection
at the front and the back-side of the thin-film cell Figure 3.2c shows that a
weight reduction of more than 75% can be obtained compared to the currently
applied space solar panels.
For a flexible and transparent shielding layer the use of polymers is the
obvious choice. However, most polymers are not able to withstand the harsh
space environment. In particular, high energy UV radiation and atomic oxygen
are expected to be damaging to polymers. UV photons cause radical formation,
leading to material loss and the formation of chromophores, and thus giving
unwanted darkening of the polymer material [19]. Atomic Oxygen (ATOX),
which is present in low earth orbits, is also very efficient in breaking organic
bonds, resulting in erosion of the polymer structures that are supposed to
protect the cell from irradiation by charged particles [20]. In addition, the high
vacuum of space is known to cause outgassing of volatile components which can
condense and thereby contaminate other parts of the spacecraft. Therefore, it
is essential to perform outgassing experiments to test material stability under
vacuum conditions prior to their application in space related products.
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Figure 3.2: Mass distribution for different solar panel configurations: a) current solar
panel configuration, b) configuration with the wafer removed, and c) the flexible panel
configuration. The dimensions of the components are depicted proportional to their
mass, not to their actual thickness.
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In this study we aim to provide a first step towards transparent flexible
shielding layers for thin-film solar cells in space applications by selection, synthesis and examination of several candidate materials. Based on the above
described requirements and material properties reported in literature, several
materials were selected and tested for their possible suitability as a transparent
flexible shielding using the currently applied CMX glass as a benchmark. Shielding is largely determined by the mass encountered by the irradiated particles,
therefore, the product of layer thickness and material density is a measure for
the shielding capacity. As the density of CMX glass (2.6 g/cm3 ) is typically
2 to 3 times higher than that of the polymer layers to be evaluated, these
polymer layers should be 2 to 3 times thicker than the typical CMX cover to
obtain at least equal shielding capacity. For this reason the aim of this study
is to synthesize 300 µm thick layers. In this study we evaluate: 1) the ease
of synthesis and application of the layers as a coating on a substrate; 2) the
transparency of the material in the 300-1250 nm wavelength range to assure
optimal performance in combination with a triple junction IMM cell; 3) the
flexibility of the layers; 4) the possibility to dope the layers with Ce, which is
known to increase shielding for CMX glass, and 5) the stability of the materials
under vacuum.
The first three issues are assessed for all selected materials, while only the
materials showing the most promising results are further evaluated with respect
to point 4 and 5. The stability of the materials under vacuum conditions
should be such that it can be space qualified, i.e. less than 0.1% weight loss by
outgassing of volatile condensible components. These vacuum test took place
at the facilities at European Space Research and Technology Centre (ESTEC).

3.2

Material selection

Three types of materials have been selected, one type of polyimide and two
types of polysiloxane, based on prior knowledge or theoretical considerations
concerning the bond strengths which should be able to withstand the conditions
encountered in space.
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Polyimides

Polyimides are one of the few types of organic material that have proven to be
UV-resistant [21, 22], and were therefore chosen as a starting material for this
study. It is known that ATOX induces mass loss by eroding the polyimide and
degrades its transparency [23, 24]. Therefore, a silica or silicone component
needs to be added, which in an ATOX environment forms a passivating silica
layer when the polyimide at the surface has been eroded. This silica layer should
protect the underlying polyimide from further erosion by ATOX. Recently, such
hybrid materials of polyimides and silica components have attracted much
attention for the use in space applications, mainly for use on external spacecraft
surfaces (e.g. thermal insulation blankets) [25]. For these applications flexible
layers are desired, but they are not necessarily transparent (most polyimides
are yellow or brown in color). In this study we will evaluate the syntheses and
applicability of an optically clear polyimide, in which small (< 2 nm) polyhedral
oligomeric silsesquioxanes (POSS) particles are embedded [25].

3.2.2

Polysiloxanes

Another class of flexible shielding materials to be considered are polysiloxanes
(e.g. silicones). Several space qualified silicone adhesives are commercially
available. These are typically used to adhere the currently applied cerium doped
coverglasses on top of solar cells. Silicones have the advantage that they form a
passivating silica layer in an ATOX environment, preventing further erosion
[26]. This means no additions to a polysiloxane material are needed to make it
ATOX resistant. However, they are known to darken when directly (i.e. without
a coverglass) exposed to UV light. Also, the mechanical properties change after
UV exposure, indicating that polymer degradation occurs most likely in the
form of bond breaking which results in a reduction of the average chain length
or a reduction in the crosslink density [27]. SiO2 (silica or quartz) does not
show visible degradation upon UV irradiation, indicating that the degradation
is mainly caused by the organic groups in the silicones. This is confirmed by
the work of Zimmermann [28], who showed that silicones with larger organic
groups, for example phenyl groups, degrade faster. Most commercially available
silicones are cured in a platinum-catalysed hydrosilylation reaction. This results
in materials with both Si-O and Si-C-C-Si bonds in the polymer backbone and
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a Pt-catalyst in the final material. UV photons have sufficient energy to induce
cleavage of the C-C or Si-C bonds, leading to decreasing polymer chain lengths,
thereby changing material properties [27]. In this process chromophore species
can be formed in the material, leading to the discolouration (darkening) of the
silicone.
To avoid the presence of organic moieties (i.e. Si-C, C-C and C-H bonds)
in the polymer backbone of polysiloxanes, we have applied a sol-gel reaction
for the synthesis of polysiloxanes. This synthesis procedure should result in a
polymer that has a backbone that consists only of Si-O-Si groups, so that upon
UV exposure the polymer chain length does not decrease. This material still
contains methyl groups, which is unavoidable if a flexible material is desired
(without the methyl groups amorphous silica is formed). However, these organic
groups are only present as side-groups, not in the polymer backbone and the
number of them is minimized. Two types of polysiloxane based materials are
studied for their possibilities to be applied as a shielding layer. The first type
is a silica-silicone hybrid based on tetraethoxysilane (TEOS), which is a known
silica component for transparent hybrid organic/inorganic networks [29], combined with polydimethoxysilane (PDMS). The synthesis of this TEOS-PDMS
combination was previously demonstrated by Mackenzie et al, [30]. The second
polysiloxane type material to be studied involves a Methyltrimethoxysilane
(MTMS) Based Siloxane (MBS) and is chosen because their flexibility was
reported to be tunable depending on the type and concentration of unreactable
side-group components [31, 32].

3.3

Experimental

The goal of this work is to create a shielding layer that can be cast directly on
top of a solar cell in a single step procedure. While in practice the shielding
layer will always be on a carrier (e.g. the solar cell), it is more convenient
for the characterization of the synthesized materials to use freestanding films.
Therefore, where possible, freestanding films were synthesized in this work.
Since the stopping power of the shielding layer depends mainly on the thickness
and density of the material, ergo the mass encountered by the radiation, for
each material proposed here, a density study determines the desired thickness
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of the films. Thereby, protective possibilities should be at least similar to those
of the currently used CMX coverglass in the rigid panel configuration.

3.3.1

Synthesis and application

POSS films
The polyimide-POSS was obtained in powder form from a commercial supplier
(Corin XLS from ManTech). After dissolving it in methyl isobutyl ketone
(typically 1:4 w/w of polyimide to solvent), it was casted or spin coated onto a
substrate to produce films of varying thicknesses. A single spin coating step
(1000 rpm) resulted in layers of 5 to 10 µm. Successive spin coating runs were
applied to obtain films with thicknesses up to 30 µm. To achieve thicker layers
multiple casting steps were applied (each casting step added approximately
25 µm) to obtain films with a final thickness of 50-200 µm (density analysis
indicated that about 170 µm polyimide-POSS layer thickness is required to
obtain a similar shielding level as 100 µm CMX cover glass). The films were
kept in a cleanroom environment during spin coating/casting and intermediate
drying steps to minimize contamination of the surface before a new layer was
casted on top. Glass slides were used as substrates to facilitate measurements of
spectrally resolved transmission. The adhesion of the films to the substrate on
which they were produced was such that they could not be removed. Therefore,
plastic substrates (cellulose acetate) were used to produce samples fit for bend
radius testing, which is justified since in the final application the polyimide
layers are also intended to serve as a coating layer on a flexible carrier.
TEOS-PDMS films
For the synthesis of the silica-silicone hybrid material tetraethoxysilane (TEOS)
and hydroxyl-terminated polydimethoxysilane (PDMS, average weight 550
g/mol) were mixed, in various ratios ranging from 2:1 to 1:2, in a mixture
of iso-propanol (IPA) and tetrahydrofuran (THF) [33]. The ratio of TEOS
to PDMS determines the flexibility of the end-product. THF prevents phase
separation of the PDMS chains, and IPA of the water (which is added in the
next step). To this mixture of precursors and solvents either HCl or NH4 OH
solutions of various concentrations were added. The amount of the NH4 OH
62

Chapter: 3

63

or HCl solution added was chosen such that the ethoxy group to water ratio
was 1:1.5, i.e. an excess of water. In Figure 3.3 an overview is shown of the
reactions taking place as well as the final product: a hybrid material of small
silica particles interconnected by PDMS chains. The mixture was stirred for 1
to 5 hours at room temperature, while the beaker was covered with aluminium
foil to minimize evaporation of the solvents. After stirring the liquid was placed
in a vacuum desiccator to evaporate part of the solvents and was subsequently
cast in polystyrene petri-dishes. After drying the films were removed from the
petri-dishes and the up to 2 mm thick outer rim of the samples formed by the
meniscus was cut away to obtain free-standing films with a thickness in the
range of 200-300 µm.

Figure 3.3: Reactions taking place in the formation of TEOS-PDMS. Reaction 1 is
the acid- or base-catalysed hydrolysis of the TEOS ethoxy groups into hydroxyl groups.
Subsequently, in a polycondensation reaction the silanol groups of both PDMS and the
hydrolysed TEOS condense to form Si-O-Si bonds (reaction 2). In the TEOS-PDMS
end product the condensed TEOS particles are depicted for simplicity as SiO2 .

During the sol-gel formation of TEOS-PDMS films, both acidic (HCl) and
basic conditions (NH4 OH) were evaluated (see reaction 1 in Figure 3.3). It
was observed that under basic conditions, on the time-scales used for the
experiments, no polymerization took place. Possibly the pH was not high
enough to efficiently catalyse the hydrolysis reaction of the ethoxysilane to
the corresponding silanol, or the hydrolysis of the formed siloxanes bonds
to the corresponding silanol becomes significant enough to inhibit complete
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condensation. On the other hand, acid catalysed hydrolysis proved very efficient
in obtaining solid films. The use of various amounts of hydrochloric acid
concentrations did not noticeably affect the end product. Therefore in this
work, a 3.3 M hydrochloric acid solution was used to synthesize all coatings for
further testing.
After sol-gel formation, a condensation reaction (2 in Figure 3.3) of hydrolysed TEOS with either itself or with the hydroxyl terminated PDMS results
in the TEOS-PDMS final product. The gelation and curing of the resulting
gels was done in a controlled, slow manner to avoid cracking of the films, which
was observed upon rapid curing in open air. Crack free films were obtained by
placing the petri-dishes in a closed chamber with an IPA and THF saturated
vapour phase as obtained by also enclosing a beaker filled with an IPA/THF
mixture. To tune the flexibility, coatings with a TEOS:PDMS ratio ranging
from 2:1 to 1:2 were produced. Even after drying most of the films still were
somewhat sticky, greasy and soft, especially if a high PDMS content was used.
On the other hand, the layers could easily be lifted from the substrate on which
they were casted so freestanding films were obtained for the transparency and
bend-radius analyses. In fact due to the large volume contraction upon solvent
evaporation the adhesion to any substrate appeared so poor that an additional
adhering medium will be required if the TEOS-PDMS films are applied as a
flexible protection layer on thin-film solar cells.

MBS films
The main precursor for the synthesis of the MBS films was methyltrimethoxysilane (MTMS), to which one of the other precursors tetramethylorthosilicate
(TMOS), dimethyl- dimethoxysilane (DMDMS) and phenyltrimethoxysilane
PhTMS was added, depending on the desired material properties. In this study
a typical synthesis uses at least 75% MTMS precursor.

°

For the synthesis the mixture of precursors was heated to 100 C in a Teflon
beaker using an oil bath. Subsequently, a HCl solution in water was added,
the amount of this was chosen such that the water to methoxyl ratio is 0.5 to
ensure that half the methoxyl groups per silicon can hydrolyze. This mixture
was covered by aluminium foil and stirred for 4 to 15 minutes until the viscosity
starts to increase. An overview of the reactions taking place and the end product
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are depicted in Figure 3.4. Again, a hydrolysis (3) takes place first, followed by
the condensation reaction (4) of the hydrolysed precursor with either another
hydrolysed silane or with a methoxyl group of an unhydrolyzed silane.
After stirring, the solution was placed in a vacuum desiccator for 1 minute to
evaporate most of the methanol (which forms during synthesis) and water, and
was subsequently cast into a petri-dish (with vents) and placed in an ambient
environment. This resulted in films of typically 300 µm thickness, which after
curing did not feel soft or sticky.

Figure 3.4: Reactions taking place in the formation of MBS. Reaction 3 is the hydrolysis
of methoxy groups by water to form hydroxyl groups on the precursor molecules (as
shown for MTMS). Subsequently, in a condensation reaction the hydroxyl groups can
react with each other (reaction 2 in Figure 3.3) or a hydroxyl group can react with an
unhydrolyzed methoxy group (reaction 4) to form Si-O-Si bonds. The end product is
MBS and is schematically shown for the case where only MTMS is used as precursor.

When HCl was used as the catalyst for the hydrolysis MBS films were formed
in a reproducible manner. Increasing the HCl concentration resulted in faster
reaction times (i.e. the time it takes for the viscosity to increase noticeably), but
no significant differences were found in the resulting films. All the coatings used
for further study in this work were synthesized using a 10−2 M HCl solution. In
contrast to the synthesis of TEOS-PDMS films, no organic solvent was required
for the synthesis of MBS films. The methanol formed during the hydrolysis
step of the MBS precursors acts as a solvent, eliminating the need to add
additional solvents. Vigorous stirring and elevated temperatures were used to
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mix the water and precursors (at least partly) to start the hydrolysis reaction.
Because of the more reactive nature of the methoxy moieties, compared to the
TEOS-PDMS reaction, condensation was quite efficient, resulting in a cured
product with less reactive groups, which in turn resulted in more firm films
that are not sticky. The higher reactivity of this precursor is a result of the
ability of a silanol to react with methoxy silanes as well as other silanols, in
contrast to the ethoxysilanes, which are not able to condense with silanols. An
advantage of this reaction is that it allows further crosslinking of the material
even when the viscosity rises, since an unreacted hydroxyl group does not
necessarily require another hydroxyl group to be close, a methoxy group also
works. This mechanism is expected to reduce the amount of reactive groups
present in the extendedly cured material.
The exact stirring time required was found to be dependent on the composition and the amounts of precursors added. In general it was observed that
reactions involving MTMS+TMOS go faster than those with MTMS+DMDMS.
This can be attributed to the higher reactivity of the TMOS precursor (i.e. a
higher number of methoxy groups per silicon atom increases reactivity). Also,
for larger amounts of precursors (while using the same beaker) the evaporation
of methanol proceeds more slowly, since the area to volume ratio is lowered,
hence the viscosity increases slower. However, no noticeable differences in the
mechanical properties of the final product were found when the synthesis takes
longer. Since no additional solvents are added in this synthesis, the volume
contraction due to solvent evaporation during drying is reduced to a minimum.
Therefore it was not necessary to apply a slow well-controlled drying procedure,
so that this material can be handled a few hours after synthesizing it. Also,
casting onto various substrates can be done, although for the characterization
described here we used only freestanding films.

Cerium doping
As will become clear from the transmission and flexibility assessments, MBS
was found to be the most promising candidate for further evaluation (see
Section 3.4). Therefore the possibility to produce cerium doped MBS layers
was investigated. The cerium precursors used for this purpose were Ce(NO3 )3
· 6H2 O and CeCl3 · 7H2 O as Ce(III) source, and Ce(NH4 )2 (NO3 )6 as Ce(IV)
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source. A concentration of 0.1 to 2 wt% of Ce precursors were mixed with the
MBS precursors (see Section 3.3.1) after which the beaker was placed in the oil
bath. The cerium compounds as such did not dissolve in the MBS precursors,
but did so when the HCl solution was added. Ce(IV) is an oxidizing agent,
so directly after adding the HCl solution a violent reaction occurred for a few
seconds.
The synthesis with Ce(IV) was observed to proceed faster than those with
Ce(III) precursors, which was comparable to the rate of the regular MBS
synthesis, probably due to the stronger Lewis acid character of the Ce(IV)
species. In some cases the reaction resulted in opaque films (indicating particle
formation), this mainly happened when DMDMS was used as one of the
MBS precursors or CeCl3 · 7H2 O as cerium precursor. Therefore, all Ce-MBS
coatings synthesized for further analyses were obtained using a 10:1 mixture of
MTMS:TMOS and by only utilizing the Ce(NO3 )3 · 6H2 O and Ce(NH4 )2 (NO3 )6
precursors.

Characterization techniques
After synthesis and a first inspection by the naked eye, films of the obtained
polymer layers were first subjected to transmission measurements using a Varian Cary 5000 UV-Vis-NIR spectrophotometer. No refractive index matching
medium was used during these measurements, so besides absorption in the film
we should also account for reflections at the coating surfaces. This means that
without any absorption in the films the transmission measured was approximately 93% (the refractive index of the films is about 1.43). Furthermore,
all the results of the transmission analysis are presented together with the
transmission of a CMX benchmark. This benchmark reference is the Ce doped
CMX cover glass as typically applied in the present generation of rigid solar
panels.
After the non-destructive transmission analysis the flexibility of the obtained
polymers was evaluated. For this purpose the films were simply bended around
a set of cylinders with radii decreasing from 10 to 0.5 cm. After bending the
film around a cylinder in two perpendicular directions the film was visually
inspected before it was subjected to bending around the next smaller cylinder
until signs of layer deterioration such as cracking or permanent deformation
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were observed.
Finally only for the most promising materials with respect to ease of production, transparency and flexibility, samples were produced that were subjected
to outgassing tests at the facilities of the European Space Agency at ESTEC.
A test procedure has been developed in which the coatings were subjected 24

°

hours to an elevated temperature of 125 C in high vacuum (pressure < 10−5

°

mbar). During this treatment a cold plate, which was kept at 25 C, was located
in the vicinity (approximately 15 mm) opposite to the samples in order to
collect condensates. After the vacuum heat treatment the films were allowed to
recover for 24 hours under ambient conditions to re-establish the initial water
film on the coating. The weight of the films was determined directly before
and after the vacuum plus heat treatment and after recovery. From this the
Total Mass Loss (TML) and Recovered Mass Loss (RML) after testing and
subsequent recovery were determined. Also the mass of the Collected Volatile
Condensable Material (CVCM) at the cold plate is determined. Before and after
the vacuum test the samples were stored in a humidity controlled environment
at 55% relative humidity. It should be noted that on earth everything in an ambient environment is covered with a thin layer of water which evaporates while
entering space. However, water is not harmful because it does not condense
on any other part of the spacecraft, therefore in an outgassing test for space
qualification one must be able to distinguish between the loss of water from the
coatings and the loss of other products that potentially might be harmful. For
space qualified materials RML has to be below 1% and CVCM has to be below
0.1% [34].

3.4
3.4.1

Material analyses and discussion
Transmission and flexibility

Polyimide-POSS
In Figure 3.5 the transmission curves of polyimide-POSS films of various thicknesses produced on glass substrates are shown, together with the transmission
of the bare glass substrate and a CMX reference. In the wavelength range up
to 450 nm, the transmission of the polyimide-POSS films is significantly less
than the transmission of the CMX coverglass reference, especially as the layer
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Figure 3.5: Transmission spectra of polyimide-POSS films of different thicknesses (as
indicated at the curves) on glass substrates. For reference, the transmission of a 100
nm CMX coverglass, which is currently used for space solar panels, and the used glass
substrate are also shown.

thickness increases. Depending on the thickness of the coating investigated,
this results in a 23% to 45% loss of photons in the 250-660 nm wavelength
range (the cut-off wavelength for an InGaP solar cell is approximately 660 nm
in a triple-junction cell), compared to a 21% loss with a CMX coverglass in
this wavelength range. Since the InGaP top cell is typically current-limiting
in a triple-junction solar cell, the transmission data indicate that applying a
polyimide-POSS layer as flexible shielding coating will significantly reduce the
performance of such cells, even if the material does not degrade at all in a
space environment. A set of polyimide-POSS films with a thickness up to 200
µm produced on plastic foil was subjected to bend testing. For this study it
was found that all films could be bent to a radius of curvature of at least 0.5
cm without breaking. Since one of the most transparent polyimides available
was selected, the transmission analysis clearly indicates that polyimide-POSS
coatings are not suitable as a flexible shielding layer for future space solar
panels. Due to their low transparency, polyimide-POSS materials may only be
useful for space applications if no light transmission through the material is
required.
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Figure 3.6: Transmission spectra of TEOS-PDMS films with a thickness of about 250
µm produced with TEOS/PDMS ratios of 1, 1.5 and 2. For each ratio the worst
samples out of a batch of 5 are shown. The transmission curves for the best samples
for each ratio are highly comparable and represented by the continuous black curve. For
reference also the transmission curve of a CMX cover glass is shown.

TEOS-PDMS
The TEOS-PDMS sol-gel synthesis resulted in films that ranged from fully
transparent in the visible part of the spectrum, to white opaque films with
a reduced transmission mainly at low wavelengths. In Figure 3.6 several
transmission curves of free-standing TEOS-PDMS layers with a thickness of
about 250 µm are shown. The coatings were produced with TEOS/PDMS
ratios of 1, 1.5 and 2 in batches of five. Irrespective of the TEOS/PDMS ratio
the best films of each batch have a similar transmission characteristic as shown
by the black curve in Figure 3.6. However, the transmission of the coatings
within each batch varied considerably, as is shown by the worst sample of each
batch in Figure 3.6. In some cases the films were even completely opaque,
so that no light was transmitted. The differences in transparency between
films are attributed to the formation of small silica particles that reflect the
light. This particle formation took place without any apparent relation to the
parameters that were controlled during the synthesis, such as the composition
of the material (i.e. the ratio of TEOS/PDMS), nor to the amount of solvent
or HCl solution added.
A set of 300 µm thick films was subjected to bend testing. All films can be
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bent to a radius of curvature of 2 cm without breaking, while the more flexible
films (TEOS:PDMS ratio equal or smaller than 0.6) can be bend to a radius of
1 cm. A smaller bend radius resulted in cracking of the films.
It could be concluded that, although the transmission analysis and bending
tests indicate some perspective for TEOS-PDMS films as flexible shielding layers
for future space solar panels, there are also some major shortcomings from the
production point of view. Because the solvents needed to avoid phase separation
during TEOS-PDMS synthesis had to evaporate in a slow and controlled manner
to avoid cracking of the films, the drying time required for the coatings was
found to be quite long (up to a full week) and even then most coatings felt
somewhat greasy. In addition, the large volume contraction makes it difficult to
cast adhering films of reproducible thickness and quality on a substrate. It also
made it harder to cast films on substrates, since the large volume contraction
induces stress in the film which frequently resulted in cracking or delamination.

MBS
To the naked eye all synthesized MBS films appear highly transparent. This was
confirmed by the transmission spectra of 300 µm thick MBS films as measured
for different compositions (Figure 3.7). Clearly, the transmission of all MBS
compositions is high over the relevant wavelength range, i.e. the near-infrared, visible and UV. The transmission spectra of the MTMS, MTMS:TMOS
(5:1) and MTMS:DMDMS (5:1) films are virtually identically and therefore
represented by a single curve in Figure 3.7. When the PhTMS precursor is
used the characteristic phenyl absorption band around 220-300 nm is observed.
For higher phenyl contents (MTMS:PhTMS 5:1) this results in a total cut-off
of the transmission for wavelengths below 275 nm. However, even for those
films the transmission is still much better than that of CMX coverglasses, for
which transmission already cuts-off around 350 nm. In the larger wavelength
range up to 1250 nm, relevant for triple junction IMM solar cells, only a
characteristic silicone absorption band of weak intensity around 1180 nm is
found (see extension of figure Figure 3.7), otherwise the MBS material is fully
transparent. Similar silicone absorption bands were observed in the adhesives
currently used for mounting the CMX coverglasses and should therefore be no
problem for use of MBS on top of a solar cell.
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Figure 3.7: Transmission spectra of five MBS films of different composition and a CMX
coverglass reference.

No opaque films were formed, even when the synthesis conditions were varied,
this means there is a large process window to tune the material’s properties
in order to comply with the demands for a flexible shielding layer. Indeed it
was found that properties like the flexibility can be tuned by adding various
amounts of TMOS, DMDMS, or PhTMS to the base precursor MTMS. Adding
TMOS yielded more silica like material (making it more rigid, by reducing
the amount of methyl groups), while adding DMDMS yielded more PDMS
like material (increasing the flexibility). Using PhTMS resulted in phenyl
groups being incorporated, which is not necessarily beneficial for the stability
of the material in the environment encountered in space, but is expected to be
advantageous for the mechanical properties, especially at low temperatures [35].
The compositions for which the flexibility was tested range from
MTMS:TMOS 4:1 as most rigid up to MTMS:DMDMS 4:1 as the most flexible
one. Also coatings which contained PhTMS were tested. The films had a
thickness of approximately 300 µm. All films could be bend to a radius of
curvature of 2 cm without breaking, while the most flexible films (at least 10%
DMDMS) could be bend to a radius of 0.5 cm. Although phenyl groups make
the films tougher to bend, incorporation of these groups does not change the
bend radius that could be achieved before cracking of the film.
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Further analyses of MBS films

Given the ease of synthesis, high transparency and flexibility, MBS layers are
a very promising candidate to be applied as flexible shielding cover on future
space solar panels. To determine the performance in relation to the CMX glass
benchmark the required thickness of the MBS layers, possibility for Ce doping
and vacuum stability of this material were evaluated in more detail.
Density
Material density analysis (Figure 3.8) shows that the density of MBS films is
significantly lower than that of CMX glass, which has a density of 2.6 g/cm3 ,
but can be tuned by varying the materials composition. The CH3 :Si ratio
in Figure 3.8 is the average number of CH3 groups per silicon atom. This
ratio is 1 for a 100% MTMS film (and those with PhTMS), and will go down
if TMOS (CH3 :Si = 0) is added or up if DMDMS (CH3 :Si = 2) is used. A
lower ratio also means that a higher number of crosslinks can be formed, this
explains the increasing density with the lowering of the CH3 :Si ratio. Gutina
et al. [36] suggested that the CH3 :Si ratio has to be equal to or larger than 1
to obtain crack-free films. However, by applying a methanol saturated vapour
surrounding during drying for samples produced with more than 25% TMOS
(CH3 :Si = 0.75) we managed to synthesize 300 µm thick crack-free films with a
CH3 :Si ratio of 0.5.
Ce doping
During the reaction in the HCl solution and directly after casting, it was noticed
that MBS with Ce(IV) was yellow-red (but transparent) in color while the
Ce(III) films were nearly colorless. During subsequent room temperature curing
the color of Ce-MBS changed to light brown, independent of the type of Ce
precursor used. The tested Ce-MBS films were all transparent and showed
a slight brown color, especially if a cerium content of more than 0.5% was
used. In Figure 3.9 the transmission spectra of two MBS films are shown,
one synthesized with a 1% Ce(III) and one with a 1% Ce(IV) precursor. It
is known from literature [37] that the oxidation state of cerium can change
during synthesis and subsequent curing. Therefore, the transmission of these
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Figure 3.8: Density of MBS films as a function of the composition. CH3 :Si on the
bottom axis and CH3 O:Si ratio on the top axis. A lower CH3 :Si ratio means that
on average a higher number of crosslinks can be formed per silicon atom. Adversely,
the CH3 O:Si ratio indicates the amount of possible side groups per Si-atom. The line
represents the best linear fit through the data points which is averaged over a minimum
of 5 samples.

two Ce-MBS films was measured a few hours after casting i.e. as soon as
the coatings where not sticky any more and could be handled with ease, and
after a number of subsequent curing steps taking place at increasingly higher
temperatures. These curing steps are respectively i) a week under ambient

°

conditions ii) 16 hours at 75 C in a nitrogen environment and iii) 4 hours at

°

150 C in vacuum. After passing the last step the films will be referred to as
extendedly cured.
Figure 3.9 shows that there is a significant difference in transmission between
the films. Directly after casting and after a week of curing under ambient (amb)
conditions the Ce(III) film clearly shows absorption due to the 4f → 5d transitions around 250 and 300 nm. Related to the strong charge transfer absorption
the Ce(IV) doped coatings show a 50% transmission cut-off (wavelength for
which the transmission is 50%) at significant larger wavelength (about 400 nm)
than the Ce(III) and undoped films. After curing under ambient conditions the
transmission cut-off shifts to a lower wavelength of about 370 nm, presumably
due to a change in the chemical surrounding of the cerium ion. After curing

°

the films for 16 hours at 75 C in a nitrogen environment the transmission
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cut-off of the Ce(IV) doped coatings does practically not change as compared
to curing under ambient conditions while the transmission cut-off of the Ce(III)
doped coatings increases significantly to about 350 nm. Curing the films for 8

°

hours at 150 C in vacuum resulted in virtually identical transmission spectra
with a transmission cut-off at 380 nm. Apparently, during curing (part of) the
Ce(III) oxidises to form Ce(IV) oxides, so that due to the strong charge transfer
absorption of Ce(IV) all high energy photons were absorbed.
Figure 3.10 shows the 50% transmission cut-off wavelength for MBS films
as a function of their Ce concentration. When the concentration of cerium
is lowered, the transmission cut-off initially remains more or less constant
until at doping levels below 0.7% the cut-off shifts to lower wavelengths. The
coatings used for this figure were all extendedly cured, i.e. subjected to all the
previously mentioned curing steps and gave virtually identical results for both
Ce-precursors. For the lowest concentrations of cerium, the Ce(III) absorption
feature of the 4f → 5d transitions around 250 nm remained visible, even after
curing. This indicates that only part of the cerium oxidises to Ce(IV) and if a
Ce(IV) precursor is used it partly converts to Ce(III). The exact percentage of
cerium in CMX is not revealed by the vendor, but is expected to be at least
2% [32]. The relative low cut-off wavelength of the CMX coating is related to
the fact that it is 2.5 times thinner than the MBS coatings and possibly also to
differences in chemical surrounding of the cerium compounds. No change in
flexibility was observed in MBS films as a result of the incorporation of cerium,
meaning a bend radius of 2 cm could be achieved without breaking of the films.

Vacuum stability
Based on ease of syntheses and application, high transparency, good flexibility
and proven suitability for Ce doping, MBS shows to be the most promising
material of this study to be applied as a flexible shielding layer for solar cells in
space applications. Therefore, three batches of MBS films (without Ce doping)
were produced as described in paragraph 3.2. and subjected to the above
described outgassing procedure in order to determine a curing method that
yields space qualified films with respect to vacuum stability.
In Tables 3.1 and 3.2 the results of the measurements are shown, the first
showing a coating of MTMS:DMDMS (1:1) which was cured increasingly longer
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Figure 3.9: Transmission spectra of two MBS films with 1% Ce(III) (blue lines) or
Ce(IV) (black lines) incorporated, for different curing times and methods. Both films
have a thickness of approximately 250 µm. Indications stand for directly after casting
(cast), after being stored for one week in an ambient environment (amb), cured for
16 hours at 75 °C (indicated) in a nitrogen environment, cured for 4 hours at 150 °C
(indicated) in vacuum. Additionally shown an undoped MBS film.
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Figure 3.10: The 50% transmission points as a function of the cerium percentage in the
extendedly cured (1 week ambient + 16 hours at 75 °C + 8 hours at 150 °C) Ce-MBS
films, also shown is 50% transmission for CMX glass. The thickness of the Ce-MBS
films is approximately 250 µm and that of CMX glass is 100 µm. The lines serve to
guide the eye.
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and at higher temperatures. Clearly the coating shows a decreasing TML and
RML upon intensified curing. When all the reactive groups of the precursors
react, the mass of the resulting MBS film is 50% of the mass of the precursors,
due to the formation of methanol (and some water). The 0.1% mass loss in the
outgassing experiments is therefore most likely due to evaporation of methanol

°

that is still present in the film after curing at 75 C. Table 2 shows different
compositions of materials ordered according to their methoxyl-to-silicon ratio
(first column), which indicates the reactivity of the starting materials: the
higher the ratio the more reactive the precursor. A methoxyl-to-silicon ratio
above 2 means the precursor mixture has possibilities to form side-chains
(crosslinks) and is expected to form these increasingly with increasing ratio.
However, since the formation of crosslinks also depends on the diffusion of
forming chains in the reaction mixture and curing product, not all methoxyl
groups might have reacted during synthesis and curing. Therefore, it is possible
that some remaining methoxyl groups evaporate during outgassing tests, since
they are more easily evaporated than for example the more covalent bonded
methyl groups. However, since they refrain from condensing it is considered
unimportant and we focus on CVCM as the most important parameter in this
study.
The CVCM was below 0.1% for all coatings shown in Tables 3.1 and 3.2. In
fact the CVCM was zero for all but 3 samples. These particular films contained
a high percentage of DMDMS which is the least reactive precursor (containing
only two methoxyl groups) and is one that does not form crosslinks. Therefore,
the CVCM detected is likely to be either unreacted DMDMS, or short linear
chains that can evaporate in vacuum. When more intense curing is performed,
however, even these films show a CVCM of near 0%. Since the CVCM is zero
for most samples, the RML should almost fully be attributed to the evaporation
of methanol and water formed during synthesis, since these, just as ambient
water, do not condense on the cold plate. This is further confirmed by the
fact that the coatings produced with TMOS show a significantly higher level of
TML compared to the other coatings.
The outgassing tests show that curing the films in vacuum at elevated
temperatures for 8 hours will evaporate most of the volatile reaction products
beforehand. It also shows that the evaporated molecules are unlikely to con77
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Curing conditions

°
16h 75 °C
1h vac 150 °C
16h 75 °C
8h vac 150 °C
16h 75 C

TML
(%)

RML
(%)

CVCM
(%)

3.29

0.10

0.06

1.47

1.38

0.03

0.31

0.22

0

Table 3.1: Total Mass Loss (TML), Recovered Mass Loss (RML) and Collected Volatile
Condensable Material (CVCM) after outgassing tests of MTMS:DMDMS (1:1) coatings
cured for various durations at different temperatures under vacuum.

dense on nearby surfaces of a satellite (i.e. CVCM is zero), meaning that the
evaporation of solvents in space should not be a problem. For the outgassing
tests the films were cut into small pieces, so no flexibility measurements could
be performed afterwards. Therefore MBS coatings were also kept under high
vacuum and at elevated temperatures to simulate the conditions during the
outgassing tests at ESTEC. After the vacuum treatment the flexibility of the
films had not changed indicating that evaporation of the solvents in the samples
has no noticeable effect on the flexibility of the films.
These measurements indicate that, in this phase of development, MBS
is suited for further space qualification testing at ESA-ESTEC without the
risk of contaminating the required dedicated equipment. In fact part of these
tests involving irradiation hardness and UV stability tests have already been
performed and the results are reported elsewhere [38]. The current study
indicates that further research on MBS should also include tuning of the Ce
doping level in relation to the circumstances encountered for each particular
mission in order to optimize output of the PV-system.
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Composition

CH3 O:Si
(-)

TML
(%)

RML
(%)

CVCM
(%)

MTMS:TMOS (4:1)
MTMS:TMOS (10:1)
MTMS
MTMS:DMDMS (10:1)
MTMS:DMDMS (4:1)

3.2
3.1
3
2.9
2.5

1.95
1.00
0.26
0.20
0.30

0.22
0.31
0.12
0.12
0.19

0
0
0
0
0.01

Table 3.2: Total Mass Loss (TML), Recovered Mass Loss (RML) and Collected Volatile
Condensable Material (CVCM) after outgassing tests for coatings of different compositions as identified by the CH3 O:Si ratio of the initial mixture. Before testing the films
were cured for 16 hours at 75 °C and subsequently for 8 hours at 150 °C.

3.5

Conclusion

In this study three candidate materials that potentially can be applied as
a transparent shielding layer for the next generation of flexible space solar
panels have been identified and studied for their suitability. The materials
were compared with respect to their applicability to produce 200-300 µm thick
(adhering) coatings and their optical and mechanical properties as determined
by UV-Vis transmission spectroscopy and bending tests respectively.
Polyimide-POSS based films showed a more than sufficient flexibility (bending radius less than 0.5 cm). However, the material was found unsuited because
the transmission loss in the wavelength range covered by the InGaP top cell
of present space PV-cells is more than twice as high as the currently applied
CMX cover glasses.
For a wide range of compositions the best TEOS-PDMS based films are
highly transparent in the investigated 200 to 1250 nm wavelength range (significantly better than CMX glass) and have sufficient flexibility (bending radius
of 300 µm thick films is less than 2.0 cm). However, the solvents required to
avoid phase separation during synthesis of the materials give rise to a large
volume contraction which made it virtually impossible to cast adhering films of
reproducible thickness and quality on any type of substrate. In addition the
smallest irregularities during synthesis and subsequent curing resulted in less
transparent and even fully opaque white films (probably due to the formation of
small silica particles) and cracking of the films. TEOS-PDMS might therefore
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in theory be suitable as a flexible transparent shielding layer for space solar
panels, but will be hard to apply in practice.
On the other hand casting of MBS films of reproducible thickness and quality
was found to be relatively easy. The coatings are almost fully transparent in
the investigated 200 to 1250 nm wavelength range. All freestanding films with
a thickness of approximately 300 µm have a bend radius of 2 cm or smaller and
can be tuned by varying the composition of the precursors during synthesis. In
addition it was demonstrated that cerium (used in currently applied CMX glass
to increase radiation hardness) can be effectively incorporated during MBS
synthesis without influencing the mechanical properties of the films. Finally,
all batches of cured MBS films have passed the vacuum stability tests so that
this material can be subjected to further space qualifications tests without the
risk of contaminating the required dedicated equipment.
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Chapter 4

Space environmental testing
of flexible coverglass
alternatives based on
siloxanes1
Abstract
With the development of thin-film, high-efficient III-V solar cells using the
epitaxial lift-off technique, flexible solar panels for space applications can be
designed. Besides new deployment options, this also reduces the mass and
thus launch costs of a satellite. One requirement for such a flexible panel
configuration is the replacement of the brittle coverglass, which shields the solar
cells from the harsh space environment, by a flexible alternative. In this work
we have tested several compositions of a polysiloxane candidate material for
a flexible shielding layer by exposing them to high energy UV and electron
radiation at elevated temperatures. It was found that irradiation by electrons
with a fluence corresponding to 15 years in space produces little degradation.
UV radiation, on the other hand, has a more pronounced impact on the material
properties, causing a discolouration of the transparent material and for some
1

The study presented in this chapter is based on ”Space environmental testing of flexible
coverglass alternatives based on siloxanes” by N.J. Smeenk, C. Mooney, J. Feenstra, P. Mulder,
T. Rohr, C.O.A. Semprimoschnig, E. Vlieg and J.J. Schermer ; Polymer Degradation and
Stability, Volume 98, Issue 12, 2013, Pages 2503-2511.
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compositions even cracking of the samples.
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4.1

Introduction

Over the last decade the Epitaxial Lift-Off (ELO) technique has been developed
as a method to reduce the costs of III-V solar cells [1, 2]. It encompasses the
separation of the solar cell from its growth template (GaAs or Ge wafer) by
selective etching of an intermediate release layer [3, 4]. Cost reduction can be
achieved by reusing the wafers for the production of subsequent solar cells [5].
It has been demonstrated that the use of the ELO technique results in flexible,
thin-film solar cells, with efficiencies equal to that of cells on a wafer [6]. Recent
developments even yield single-junction thin-film cell structures with efficiencies
that surpass the best performance of wafer-based cells [7].
Most of the wafer-based III-V solar cells produced nowadays are used for
powering satellites. The ELO technique produces thin-film, flexible solar cells,
that for space applications were demonstrated to have a similar or better
radiation hardness as their wafer-based counterparts [8]. The fact that these
thin-film ELO cells are flexible means that besides the direct weight reduction
obtained by removal of the substrates also the weight of the support structure for
the space solar panel can be significantly reduced because it does not necessarily
need to be rigid any more [9]. Besides giving new deployment options, this
is an opportunity to significantly reduce the weight of the panels in order to
minimise the launch costs of the satellites [10, 11]. Current space solar panels
are equipped with rigid and brittle coverglasses (e.g. CMX glass, a cerium doped
borosilicate glass) to shield the solar cell from the harsh space environment.
The development of a flexible panel thus also requires the replacement of the
coverglass by a flexible alternative. In previous work [9], we have studied several
candidate materials for such a shielding layer. Requirements for this layer
include sufficient flexibility to handle the stresses during production and launch,
and maintain sufficient transparency in the 350-1250 nm wavelength range
during operation in space while retaining its flexibility.
In the current study we examine the effects of UV radiation, elevated temperatures, and electron irradiation on the optical properties of one type of
such a flexible coverglass alternative that consists of Methyltrimethoxysilane
(MTMS) Based Siloxanes (MBS)[9]. MBS was chosen because it showed decent
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flexibility and good transmission and outgassing properties and could be synthesized reproducibly in various compositions. Several of these MBS compositions
were exposed to high energy and intensity UV radiation, since the prolonged
exposure to elevated temperatures and UV radiation can have a detrimental
effect on transparent materials. Also samples of space qualified adhesives have
been exposed. These adhesives, used to bond the coverglasses to the solar cells
in current state-of-the-art space solar panels, might in principle also be used as
flexible shielding layers. However, they are known to degrade if they are not
shielded by a cerium doped coverglass [12, 13], therefore in this study they will
primarily be used to provide a reference to which the performance of the MBS
films can be compared.
Charged particle radiation is the major reason why shielding of solar cells
in space is required, since these particles create defects (i.e. recombination
centres) in the solar cell thereby decreasing its efficiency [14]. Therefore, MBS
samples were also exposed to irradiation by high energy electrons to see the
impact of charged particles on our proposed shielding material.

4.2

Experimental

The MBS samples were synthesized by a sol-gel reaction of MTMS, to which
other precursors like tetramethylorthosilicate (TMOS), dimethyldimethoxysilane (DMDMS) and phenyltrimethoxysilane (PhTMS) were added to alter the
composition (Figure 4.1). Also, in order to minimise the effects of UV radiation
cerium was incorporated into some of the MBS samples, either Ce(NO3 )3 6H2 O
or Ce(NH4 )2 (NO3 )6 was used as cerium precursor. The methoxy groups of the
precursors can be hydrolyzed via an acid-catalyzed reaction to form hydroxyl
groups. These hydroxyl groups then underwent a polycondensation reaction
forming the Si-O-Si bonds of the polysiloxane; (a more detailed description of
the synthesis is given in previous work ). The synthesis resulted in freestanding
MBS films of approximately 250 to 300 µm thickness. Subsequently, all samples
were cured for 8 hours at 150

 at reduced pressure (10

−1

mbar) to evaporate

the water and methanol formed during synthesis of the films.
For the UV exposure test, samples of 2 x 2 cm2 were cut out of these films.
These samples were placed in between two UV grade (i.e. transmittance 85%
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Figure 4.1: Structural formulas of the precursors used for the synthesis of the MBS
samples.

at 200 nm) quartz plates of 1 mm thickness. Kapton tape was used on the
corners to mechanically fixate these quartz-sample sandwiches, see Figure 4.4
for a photograph of such a sandwich. The samples of the reference adhesives
consisted of approximately 20 µm of adhesive in between quartz plates (no
Kapton tape was required for fixation for these samples). The adhesive are all
Pt addition cured systems, i.e. a Pt catalyst is used to polymerize the vinyl
groups during curing. In Table 4.1 an overview of the samples that were exposed
to high energy UV radiation is given. For each of the 12 MBS compositions
three samples were tested; two samples of these were exposed to the full UV
spectrum, while on top of each third sample a 100 µm CMX coverglass filter
was placed to eliminate wavelengths shorter than 350 nm. For the adhesives
two samples were exposed to the unfiltered spectrum.
The UV exposure was performed at the solar UV (SUV) facility [15] of the
European Space Research and Technology Centre (ESTEC). The SUV facility,
schematically depicted in Figure 4.2, consists of a high vacuum chamber (<
10−6 mbar) with an internal cold shroud and a temperature controlled sample
tray on which plates holding the samples are mounted. The cold shroud is a
copper plate cooled by liquid nitrogen and is used to mimic the background
space thermal environment and was kept at a temperature of -170 ± 5



during the tests. The UV source consists of an array of halogen discharge
lamps controlled by a stabilised power supply. UV radiation is directed through
a UV-grade quartz window onto the sample tray in the chamber at normal
incidence. The temperature of the sample tray as induced by the UV exposure
is measured using Pt100 temperature sensors, which are fixed onto the front
and side of the sample tray. There was no direct thermal contact of the sensors
with the samples (since these are in between the quartz plates), so the sample
temperature during exposure is not exactly known. Only the sample area in
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Table 4.1: Overview of the samples that were exposed to the high energy UV radiation.
The samples were synthesized at 100
unless mentioned otherwise.



General name

Composition

MBS

MTMS
MTMS (synthesis temperature 80 C)
MTMS (synthesis temperature 120 C)
MTMS:TMOS 10:1
MTMS:TMOS 5:1
MTMS:DMDMS 10:1
MTMS:DMDMS 5:1

MBS+PhTMS

MTMS:PhTMS 99:1
MTMS:PhTMS 4:1 (20%)

Ce-MBS

MTMS:TMOS 10:1 + 0.5% Ce
MTMS:TMOS 10:1 + 1% Ce
MTMS:TMOS 10:1 + 2% Ce

Reference adhesives

Dow Corning DC93-500
Wacker Elastosil S690
Wacker Elastosil S695
Nusil CV16-2500

°
°
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the centre of the sample tray was used for the UV exposure of the samples,
since the intensity of the UV radiation was most uniform there.

Vacuum chamber
Sample plate
+ samples
Lamps

Quartz
window
Sample
tray

Power
supply
Cold shroud

Figure 4.2: Schematic representation of the SUV facility.

The intensity of the UV lamps was measured at six locations on the sample
tray with UV detectors before mounting of the samples for exposure and after
demounting. The measurements were performed using a set of three detectors,
UV-A for the 315-400 nm wavelength range, UV-B for 280-315 nm and UV-C
for 200-280 nm. Based on the intensity measurements of these sensors the
average acceleration factor is determined. This acceleration factor is the ratio of
the UV intensity of the SUV facility over that of the Air Mass times zero (AM0)
solar spectrum (in the 200-400 nm wavelength range), an acceleration factor
larger than 1 thus indicates a higher UV intensity than encountered outside of
the earths atmosphere. In Figure 4.3 the normalized spectra of the lamps in
the SUV facility as well as the AM0 spectrum are shown for the 200-400 nm
wavelength range.
Three exposure runs were performed in the SUV facility, all with approximately 1000 Equivalent Sun Hours (ESH), as calculated by multiplying the
exposure duration with the acceleration factor. An exposure duration of 1000
ESH was chosen as a compromise between the limited availability of the SUV
facility and the fact that it is was previously observed that 1000 ESH UV
already showed a clear degradation in the UV exposure of silicones [16]. The
operating conditions during the three UV exposure tests are summarised in
Table 4.2. At this point it should be noted that tests 2 and 3 were performed
directly following each other, but eight months after test 1.
At the end of a test, the sample tray temperature was set at an elevated
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Figure 4.3: Normalized spectra of the halogen discharge lamps and the AM0 solar
spectrum.
Table 4.2: Operating conditions during the UV exposure tests. The acceleration factor
and ESH are for the 200-400 nm wavelength range, not the entire AM0 spectrum.

Exposure time (hours)
Acceleration factor
ESH (hours)
Sample tray temperature ( )



temperature of 60

Test 1
(UV1)

Test 2
(UV 2)

Test 3
(UV 3)

196.5
5.8
1134
90

195.5
5.6
1095
75

125.8
7.4
931
110

 to minimise the deposition of molecular contamination on

the samples during the subsequent venting cycle of the chamber. The liquid
nitrogen supply to the cold shroud was then turned off, and the chamber was
vented with dry nitrogen to a pressure of about 10 mbar before the cold shroud
heated up. After the cold shroud reached room temperature, the whole facility
was vented with gaseous nitrogen to atmospheric pressure and heating of the
sample plates was halted.
Electron irradiation experiments were performed using the Van de Graaff
generator at the Reactor Institute Delft. For this purpose the samples were
placed in a nitrogen purged enclosure and irradiated with 1 MeV electrons.
The fluence was 1x1015 electrons per cm2 , which on average corresponds to 15
years in orbit, except that in space the electrons are not mono-energetic. The
dose rate was 5x1011 electrons per cm2 per second; this rate did not result in a
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noticeable increase of the sample temperature.

Figure 4.4: Photographs of 2x2 cm2 samples after UV exposure, showing a) MBS, b)
MBS+PhTMS, and c) Ce-MBS samples, the latter shows crack formation in the film.
The samples are fixed in between quartz plates and the yellow-brown Kapton tapes used
to keep the sandwich structures together are visible on two corners of the samples.
Corresponding to the opening in the sample holder, only the centre of the samples was
exposed. Hence no degradation is observed at the corners and edges of the samples,
which therefore represent the generally observed pre-exposure transparency.

Transmission measurements were performed using a Varian Cary 5000 UVVis-NIR spectrophotometer. No refractive index matching medium is used
during these measurements, so besides absorption in the film we also measure
reflections at the surfaces. The reflection was accounted for by normalising the
spectra at the average of the 20 data points with the highest transmission. To
enable direct comparison of the different transmission spectra the normalised
spectra were corrected for differences in thickness of the samples. For this it was
assumed that the absorption scales linearly with the thickness of the sample, so
that we could calculate the absorption of all samples for any arbitrary thickness
(in this work 100 µm is chosen, since it is the typical thickness of the CMX
coverglasses). In the measured wavelength range no high intensity absorption
peaks were observed, so that the absorption there should indeed scale with the
thickness. Only for the areas where the transmission goes to zero there may be
small errors due to the scaling of the transmission graphs.
Fourier Transform Infrared spectroscopy (FTIR) measurements were
recorded on a Thermo Mattson IR 300 spectrometer.
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Table 4.3: Results of the visual inspection of the samples after UV exposure, both for
the directly exposed samples as well as those that were exposed through a CMX glass
filter.

Sample

Colour

Colour
(CMX filtered)

Cracking

MBS (MTMS)
(light) brown
Trans.
5/9 samples
MBS (with TMOS)
(light) brown
Trans.
No cracking
MBS (with DMDMS) (light) brown
Trans.
5/6 samples
MBS+PhTMS
Yellow-brown
Trans.
3/6 samples
Ce-MBS
dark brown
Slight disc.
7/9 samples
DC93-500
Slight dis.
Trans.
No cracking
Other adhesives
Yellow-brown
Trans.
No cracking
Trans. stands for transparent, slight disc. stands for slight discolouration,
cracking indicated amount of samples showing cracking out of total samples.

4.3
4.3.1

Results
Visual Inspection

Visual inspection was performed on all samples prior to and after UV exposure.
Before the test all samples are completely transparent and colourless, except
for the Ce-MBS samples that show a light brown colour due to the absorption
by cerium compounds; the post-exposure observations are summarized in table
3. In Figure 4.4 photographs of several samples after the UV tests are shown.
Corresponding to the opening in the sample holder only the centre of the samples
was exposed. Hence no degradation is observed at the corners and edges of
the samples, which therefore represent the generally observed pre-exposure
transparency.
After the UV exposure the MBS samples showed a brown discolouration
(see Figure 4.4a), unless they were shielded by a CMX coverglass, in which case
no discolouration was observed. Some of the MBS samples had cracks, this
seemed to be independent of whether CMX shielding was applied or not. The
composition on the other hand does matter, samples with DMDMS incorporated
(i.e. the more flexible films) are more prone to cracking. Ce-MBS samples
showed a dark brown discolouration and crack formation in all the samples,
see Figure 4.4c, except for the CMX shielded ones. As shown in Figure 4.4b,
the MBS+PhTMS samples all have a yellow-brown discolouration, a similar
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discolouration is encountered for the silicone adhesives S690, S695 and CV162500, while the DC93-500 adhesive only showed a barely visible discolouration.
The quartz plates (in between which the samples were exposed) remained fully
transparent under all circumstances.

4.3.2

Transmission analysis of MBS samples

In Figure 4.5, Figure 4.6, Figure 4.8 and Figure 4.11 the transmission spectra of
the MBS samples and silicone adhesives are shown. The following abbreviations
are used in these graphs: BoL (Beginning of Life) for samples before the UV
tests, UVx with x = 1, 2 or 3 shows in which test run the samples were exposed.
Some samples were exposed twice (so for a total of approximately 2000 ESH), as
indicated by a double UVx label. Finally, UVx CMX indicates that a CMX filter
was applied on the sample during that UV test. Also included in the figures is
the transmission of a CMX coverglass as a reference, since that is the spectrum
that reaches the solar cell in the current solar panels for space applications.
All MBS spectra were recorded without the quartz plates that sandwiched the
samples during the UV exposure; this to avoid the added reflection of the quartz
air interfaces in the transmission measurements. Furthermore, in some spectra
at 370 and 800 nm a small discontinuity can be observed, this is due the use of
a different lamp source (at 370 nm) and a different detector (at 800 nm) in the
spectrophotometer.
For the MBS samples only the spectra for a MTMS:TMOS 10:1 compositions
are shown in Figure 4.5. The spectra of the other compositions are virtually
identical, indicating that the composition of the MBS films does not affect the
UV stability of MBS, at least not on the timescales of these UV tests. The
absorption observed at 1180 nm is typical for silicones and was observed for all
samples, both MBS and the reference adhesives. In all BoL samples independent
of the composition an absorption around 240-250 nm was observed, this feature
disappears for the MBS samples that were shielded by a CMX coverglass during
UV exposure.
The MBS samples that were not shielded by CMX show a small absorption
peak at 230 nm after exposure. This is not related to the absorption at 240-250
nm of the BoL samples, since it also shows for the sample shielded by CMX
in the first test, after which the 240-250 nm absorption had disappeared. The
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Figure 4.5: Transmission spectra of MBS samples (MTMS:TMOS 10:1) prior to and
after UV exposure.

exact nature of this chromophore species in the MBS samples is not known as
of yet.
Figure 4.6 gives the transmission of the Ce-MBS samples with 0.5% and
2% Ce incorporated. The samples with 1% Ce showed similar results as shown
for the 2% Ce content. No differences were observed between the films of the
two Ce precursors used. Before UV exposure the transmission signature of
the Ce-MBS samples are quite similar to that of the CMX reference. After
UV exposure the Ce-MBS samples show a clearly decreased transmission over
the entire relevant wavelength range, similar to, but more pronounced, than
observed for MBS samples. Even with a CMX glass filter some degradation of
the Ce-MBS samples is observed at low wavelengths, although much less than
for unshielded samples.
Thicker samples (1.5 mm) of both Ce-MBS and MBS were also included
in the exposure tests, to determine if the damage was uniform throughout the
sample or not. In Figure 4.7 some photographs of the cross-sections of these
samples are shown. The Ce-MBS is darker, but the degradation is limited to a
thin region on the exposed side of the sample. The same has been observed for
the 200 µm Ce-MBS samples, but it is more difficult to visualize this effect in
these thin-films. The light-brown colour of the unexposed parts of the Ce-MBS
sample is due to cerium incorporation and was already present prior to the UV
tests. The MBS sample on the other hand degrades uniformly throughout the
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sample, no gradient in the degradation was observed for the used thickness.
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Figure 4.6: Transmission spectra of Ce-MBS samples with a Ce content of 0.5% and
2% prior to and after UV exposure.

The transmission of MBS+PhTMS samples is shown in Figure 4.8 up to 800
nm, above this wavelength no noticeable absorptions were observed, apart from
the typical silicone absorption at 1180 nm. The absorption by phenyl groups in
BoL samples causes the absorption at 260 nm and in the 200-220 nm range.
The degradation of the MBS+PhTMS is different from the MBS and Ce-MBS
samples. Instead of a decreased transmission over a broad wavelength range
(200-1000 nm) the degradation is mainly limited to the UV and blue part of
the spectrum (300-600 nm), but the degradation in this region is more severe
than for MBS, i.e. the transmission is zero at 280 nm, while for MBS it is
larger than 50% at 200 nm. Also, a small decrease in transmission is observed
around 300 nm for samples shielded by CMX. The increased absorption in the
blue part of the spectrum for the MBS+PhTMS samples explains the visual
observation of phenyl containing samples appearing more yellow than brown
after UV exposure. Clearly, the phenyl groups in the samples give rise to a
different degradation mechanism upon UV exposure as compared to the MBS
samples.

4.3.3

Transmission analysis of adhesive samples

The adhesive samples are all measured in between quartz plates, but since there
are no voids in between the quartz and adhesive the additional reflections will
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Figure 4.7: Top and side view of approximately 1.5 mm thick exposed samples of a)
Ce-MBS (1% Ce) and b) MBS (MTMS:DMDMS 5:1). The semi-circular discoloured
areas on the sample are the exposed parts. The Ce-MBS sample is tilted slightly, since
the degradation is almost not visible when looking completely perpendicular to the
surface. Detailed analyses indicate that the discolouration is limited to the upper ∼10
µm of the surface.
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Figure 4.8: Transmission spectra of MBS+PhTMS samples with 1 or 20% PhTMS
prior to and after UV exposure.
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be minimal since the refractive index of the adhesives and the quartz is similar
(n = 1.54 for quartz and 1.41 for the adhesive, resulting in 0.2% reflection
at both quartz-adhesive interfaces). Also, it has been confirmed that there is
no degradation of the quartz plates due to the UV radiation, so the quartz
plates will not cause additional absorption. For comparison the spectra of
exposed MBS and MBS+PhTMS samples are shown with the DC93-500 and
S690 spectra respectively. The transmission spectra of the DC93-500 samples as
shown in Figure 4.9 indicate degradation over a wide range of wavelengths upon
UV exposure. However, the transmission remains larger than 10% at 200 nm,
where it is nearly zero before UV exposure. This indicates that chemical groups
that absorb around 200 nm have dissociated and formed chromophore species
that absorb light over a broader wavelength range. Exposing the samples for
an additional 1000 ESH shows an increasing degradation.
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Figure 4.9: Transmission spectra of DC93-500 adhesive measured in between quartz
plates, prior to and after UV exposure. Also included is a MBS transmission curve to
facilitate comparison with Figure 4.5.

The transmission spectra of S690, S695 and CV16-2500 adhesive samples all
are virtually identical, so for convenience only the results of the S690 samples are
discussed here. Due to the presence of phenyl groups in these three adhesives,
compared to the DC93-500 adhesive, they have clearly different transmission
characteristics. As shown in Figure 4.10, the S690 samples before UV exposure
show a similar transmission signature as those of the MBS+PhTMS samples.
Considering the intensity of the phenyl absorptions around 260 nm it can
be estimated that the adhesives have approximately the same phenyl group
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density as the MBS+PhTMS samples with a 20% PhTMS content. Upon UV
exposure the S690 samples suffer from a strong decrease in transmission in
the UV (transmittance < 10% at 450 nm). The change in transmission is
significantly larger than the degradation observed in MBS+PhTMS, in both
cases the transmission drops in a small wavelength range, but for the adhesives
this range has shifted to longer wavelengths and the transmission is zero in the
UV and blue part of the spectrum. Upon 2000 ESH exposure the S690 samples
start to show a significantly reduced transmission at higher wavelengths (>
1000 nm).
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Figure 4.10: Transmission spectra of S690 adhesive measured in between quartz plates,
prior to and after UV exposure. Also included is a MBS+PhTMS transmission curve
to facilitate comparison with Figure 4.8.

4.3.4

Electron irradiation tests

After irradiation of MBS and Ce-MBS samples with 1 MeV electrons no visible
change was observed for the MBS samples and Ce-MBS samples. None of the
samples showed any sign of discolouration, nor cracking. In Figure 4.11 the
transmission spectra are shown. For the MBS samples virtually no degradation
of the samples is observed, apart from a slight decrease of transmission in
the 200-220 nm wavelength range. For the Ce-MBS sample a decrease in
transmission in the 350-550 nm range is visible. Partially this seems to be
caused by a reduction of Ce4+ to Ce3+ , since the Ce3+ absorption at 260 nm
increases. This thus means that the Ce4+ concentration decreases, which would
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shift the cut-off wavelength to lower wavelengths . The shifting of the cut-off
wavelength to longer wavelengths as well as the decreased transmission around
400-500 nm is thus due to degradation of the Ce-MBS material.
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Figure 4.11: Transmission spectra of MBS and 2% Ce-MBS samples prior and after
irradiation with 1015 electrons/cm2 . EoL stands for End of Life, to indicate samples
that have been exposed to electron irradiation.

4.4
4.4.1

Discussion
Visual inspection

Both discolouration and cracking of samples was observed after the UV tests.
Cracking occurs even for some of the CMX shielded samples, so it is likely that
the cracking is at least partly the result of the elevated temperatures during the
exposure, as no high energy UV photons reach these samples. Unfortunately,
the exact temperature of the samples during the test is not known, so it hard
to assess how much of a problem the cracking observed in these accelerated
tests is in a space environment. Thermogravimetric Analysis (TGA) shows no
significant mass loss up to 500 C, so the cracking does not seem related to the
dissociation of chemical bonds in the polysiloxane backbone, but more likely
to passing the glass transition temperature during heating and cooling of the
samples, causing internal stress in the films. The glass transition temperature
of the samples could not be determined using Differential Scanning Calorimetry
(DSC), since no clear transition is observed in the DSC thermograms. The
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absence of a glass transition temperature in the DSC measurements is attributed
to the high crosslink density of the MBS material. As an alternative rod shaped
MBS samples (dimensions 50x10x3 mm) were prepared for Dynamic Mechanical
Analysis (DMA), however only the most flexible samples (DMDMS content
25%) could be tested without breaking. The glass transition temperature of
these DMDMS-containing samples was 60

, for less flexible samples a higher

glass transition temperature is expected. This corresponds to the fact that
no cracking was observed for the MBS samples containing TMOS, since these
are the least flexible ones. The cracking is more pronounced in the Ce-MBS
samples compared to MBS and MBS+PhTMS. Likely higher temperatures are
reached due to the increased light absorption by Ce compounds, which leads to
increased cracking of the Ce-MBS samples.

4.4.2

Transmission analysis of MBS samples

For the BoL MBS samples an absorption feature is observed at 240-250 nm,
which disappears if the samples are shielded by CMX during the UV tests.
Apparently, the combination of elevated temperatures during the test and
exposure to high intensity, longer wavelength light causes this absorption feature
to disappear. Since this absorption feature shows most clearly in MBS films
with a higher TMOS content (TMOS has a higher number of reactive groups
per molecule), it can be attributed to absorption by the unreacted hydroxyl or
methoxy groups. This is further confirmed by FTIR measurements that show
the presence of OH (or O-CH3 ) groups around 3400 cm−1 in the BoL samples
(see Figure 4.12). The conditions during the UV test (elevated temperature and
high light intensity) then cause these groups to react, thereby eliminating the
absorption. Exposing samples previously shielded by CMX for 1000 ESH UV
radiation results in similar degradation as samples directly exposed for 1000
ESH. This indicates that initially eliminating the absorption at 240-250 nm,
for example by more extensive curing, does not prevent degradation upon UV
exposure afterward. Due to the absorption at low wavelengths the 240-250 nm
absorption was not seen for MBS+PhTMS and Ce-MBS samples, but the FTIR
measurements show the 3400 cm−1 peak for these BoL samples also disappears.
After each single test (∼1000 ESH) the spectra of a single sample type are
approximately identical, independent of the test number. The small differences
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can be explained by the non-uniformity of the UV intensity over the sample
tray, which can be up to 20% between the centre and the corners (e.g. compare
the two samples exposed in UV1) and the small difference in ESH for each test
(test 1 was exposed longest, followed by 2 than 3). Samples exposed in tests
UV2+UV3 show more degradation than the sample exposed in tests UV1+UV3.
Besides the explanations given before, another contribution is the fact that
the first UV test was performed several months before the second and third
test and that degradation reduces during storage (samples were stored in an
ambient environment). This means that not only the total dose, but also the
dose rate is an important factor to take into account, as samples will partly
recover over time.
The cerium was incorporated to prevent degradation like it does in CMX
coverglasses. In these glasses cerium absorbs the high energy UV photons
(wavelengths shorter than 350 nm), thereby protecting underlying layers. At
the same time it prevents damage to the glass into which it is incorporated
[17]. A similar effect was expected for the Ce-MBS samples, but the degradation measured is larger than for MBS samples (cf. results in Figure 4.5 and
Figure 4.6). However, even though the cerium doesnt prevent degradation, it
does prevent degradation of underlying layers by filtering out the high energy
UV radiation, as is shown in cross section of the thicker samples (Figure 4.7).
Unfortunately, this process is accompanied by transfer of the energy to the
material surrounding the absorbing Ce compounds that therefore suffers from
enhanced degradation. For the correction of the transmission spectra for the
different thicknesses of the samples it was assumed that the absorption scales
linearly with the thickness. This still holds true for the absorption by Ce
compounds, however, the discolouration due to the degradation because of its
non-uniform nature does not scale with thickness (unless samples get very thin).
Since the absorption is scaled from an approximately 250 µm thick film to 100
µm, the degradation may be considered worse than indicated by the spectra in
Figure 4.6.
From literature [18] it is known that radicals form in silicone adhesives
upon UV exposure. These are mainly hydrogen and methyl radicals that have
dissociated from the adhesives and form the chromophore species that cause
discolouration. In the MBS samples a similar radical formation can be expected.
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This is confirmed by the FTIR spectra of MBS samples (see Figure 4.12).
Methyl group vibrations were observed at 1270, 1410 and 2950 cm−1 , and Si-H
vibrations at 920 cm−1 . A small decrease in peak intensity of the methyl peaks
is observed, while the Si-H peak disappears completely. Also the change in the
Si-O-Si stretching vibrations at 1020 and 1110 cm−1 indicates radical formation.
Upon UV exposure the intensity of the peak at 1020 cm−1 increases, while
the intensity decreases for the peak at 1110 cm−1 , compared to the signal of
the BoL samples. This indicates that there is a rearrangement of the Si-O-Si
network, most likely due to increased crosslinking between polysiloxane chains.
This crosslinking is expected to occur if radicals are formed during the UV
exposure. When comparing the spectra of BoL and exposed samples no new
peaks were found, indicating that during the UV exposure no new chemical
compounds have been formed in detectable quantities.
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Figure 4.12: FTIR spectra of MBS samples prior (BoL) and after UV exposure (UV1
and UV1 CMX), on the left the complete spectra, on the right zoomed in on the 1350
850 cm−1 range.

4.4.3

Transmission analysis of adhesive samples

From literature [12, 13] and the actual application of the adhesives on satellites
it is known that a CMX glass filter will prevent almost all degradation in these
samples. In the current study this is confirmed by the fact that applying a CMX
filter to already exposed samples (UV1+UV3 CMX) indeed prevents further
degradation of all the adhesive samples upon prolonged UV exposure. This
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shows that the degradation indeed is largely related to high energy UV photons,
not due to elevated temperatures or lower energy photons. The degradation
behaviour of DC93-500 is similar to that of MBS, i.e. a reduced transmission
over a broad wavelength range. The transmission dip of MBS at 230 nm
however was not observed for the adhesive, the transmission of DC93-500 keeps
decreasing with shorter wavelengths. From the spectra it follows that DC93-500
degrades more than MBS, especially at low wavelengths. The reason for this is
likely the Si-C-C-Si bonds that are formed during the hydrosilation reaction
that cures the adhesives. Due to the different synthesis method these bonds
have been replaced by UV resistant Si-O-Si bonds in MBS. Also, the platinum
catalyst used for the hydrosilation reaction can be an additional cause of the
degradation behaviour of DC93-500 by transferring the energy it absorbs to its
surrounding, similar to what we have observed for the Ce-MBS samples.
The observed degradation of S690, which is similar to MBS+PhTMS, confirms that the degradation behaviour related to phenyl group containing materials is different from MBS and DC93-500. The increased degradation compared
to MBS+PhTMS can partly be attributed to the Pt catalyst and Si-C-C-Si
bonds in the silicone polymer chain, but it is unlikely that this is the only cause
(the difference is much larger than the difference observed for DC93-500 versus
MBS), unless the Pt catalyst reacts strongly with the phenyl groups. Another
possibility is the presence of chemical groups other than the vinyl and phenyl
groups that degrade; unfortunately the exact composition of these adhesives is
not available to us.
Even though MBS and MBS+PhTMS samples are more UV stable than the
currently used adhesives, they are not suited to act as adhesive themselves. The
methanol and water that is formed during the polymerisation of MBS needs
to evaporate which is difficult if it is used as an adhesive in between a solar
cell and a coverglass, since the surface area exposed to air is minimal in this
situation, thus no significant evaporation is possible.

4.4.4

Electron irradiation tests

The results of the electron irradiation show that MBS and Ce-MBS are able
to withstand charged particles much better than UV radiation. Comparable
results were found in literature where almost no degradation was observed
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for silicones upon electron irradiation [13, 16] and a small shift of the cut-off
wavelength band to longer wavelengths for cerium doped glasses [19].
The fluence and energy of the electrons used in this work are common for
testing solar cells for space applications. It has to be noted that for solar cells
the damage is based on the displacement effects, i.e. the formation of defects
in the crystal structure of the cells. This mainly happens when the charged
particles have lost most of their energy, so generally additional calculations are
performed to extrapolate the results and determine the degradation in case of
irradiation by the wide energy range of particles as encountered in space [20]. In
the MBS shielding layer, however, ionisations are expected to be the main cause
of degradation. Since ionisations are the dominant energy loss mechanism for
electrons with energies around 1 MeV, no additional extrapolation are required
for these results.
The goal of this work was to test candidates for flexible shielding layers for
use on top of solar cells. Therefore, the impact of the observed degradations on
the performance of solar cells has been calculated and is shown in table Table
4. Calculated is the percentage of photons in the 300-660 nm wavelength range
that is absorbed in the films, compared to the amount of photons in the AM0
solar spectrum. This wavelength range corresponds to the spectral response of
InGaP solar cells that are currently used as top cell in the triple junction solar
cells used for space application; it is also the range where the most degradation
is observed for the tested samples. The percentage of photons absorbed directly
corresponds to a similar decrease in the current generated in the solar cell,
and thus it can be concluded that applying these flexible shielding layers will
significantly reduce solar cell performance if applied in they are exposed to the
UV radiation as it is encountered in space.
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Table 4.4: Percentage of photons absorbed in the samples with respect to the AM0
spectrum for an InGaP solar cell (spectral response range is 300-660 nm).

Material

prior test
%

1000 ESH UV
%

2000 ESH UV
%

electron
%

CMX
MBS
Ce-MBS
MBS+PhTMS
DC93-500
S690

7
0
4
1
2
3

7
8
35
11 29
11
60 78

7
14
56
22
-

0
6

4.5

-

Conclusion

In this study films of different MBS compositions were exposed to high energy
UV and electron radiation to test their stability in space conditions. The UV
radiation has a pronounced effect on the exposed samples, in all cases severe
degradation was observed unless a CMX filter was applied. Extensive curing
before exposure did not improve the UV radiation resistance, showing that
unreacted organic groups are not the main source of degradation. Cracking of
the samples also occurs; this appears to be related to the elevated temperatures,
not only to UV radiation.
The incorporation of cerium into the samples resulted in an increased degradation upon UV exposure compared to undoped MBS. The increased radiation
resistance of borosilicate glass owing to cerium cannot be duplicated for MBS
samples. Cerium incorporation, however, does limit the UV degradation to a
few µm on the exposed side of the sample, whereas undoped MBS degrades
uniformly throughout the sample. Phenyl groups change the degradation behaviour of MBS+PhTMS samples compared to MBS samples. The degradation
results in a strongly reduced transmission at shorter wavelengths, while no
change in transmission is observed at longer wavelengths, hence the yellow
instead of brown colour observed after UV irradiation. This different behaviour
is attributed to the presence of phenyl groups, since this is the only difference
with MBS films.
Irradiation by 1 MeV electrons with a fluence of 1015 electrons/cm2 , which
is a standard used to test solar cells for space applications, seems to have
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virtually no effect on the MBS samples and causes only minor degradation of
the Ce-MBS films. The MBS and MBS+PhTMS samples both show a better
UV resistance than comparable commercially available silicone adhesives, most
likely due to the substitution of vinyl groups by inorganic silicon oxygen bonds,
which have a higher bond energy. However, as it stands, no composition of
MBS remains transparent enough to be used on top of solar cells in a space
environment. One possibility for this material to be used is by applying a thin
UV reflecting or absorbing layer on top of it, which of course has to be flexible.
Also, other elements than cerium can be incorporated, that might function like
cerium does in coverglasses.
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Chapter 5

Lanthanide upconverters for
InGaP solar cells under
concentrated broadband
illumination1
Abstract
The inability of solar cell materials to convert all incident photon energy into
electrical current, provides a fundamental limit to the solar cell efficiency;
the so called Shockley-Queisser (SQ) limit. A process termed upconversion
provides a pathway to convert otherwise unabsorbed low energy photons passing
through the solar cell into higher energy photons, which subsequently can be
redirected back to the solar cell. The combination of a semi-transparent InGaP
solar cell with lanthanide upconverters, consisting of Ytterbium and Erbium
ions doped in three different host materials (Gd2 O2 S , Y2 O3 and NaYF4 )
is investigated. Using light of wavelength range 890 nm to 1045 nm with
a total accumulated power density of 2.7 kW m−2 , a nonzero current was
measured in the solar cell when the upconverters were applied whereas a zero
current was measured without upconverter. Furthermore, a time delay between
1

The study presented in this chapter is based on ”Er3+ /Yb3+ upconverters for InGaP solar
cells under concentrated broadband illumination” by J.Feenstra, I.F. Six, M.A.H. Asselbergs,
R.H. van Leest, J. de Wild, A. Meijerink, R.E.I. Schropp, A.E. Rowan and J.J. Schermer ;
DOI: 10.1039-C4CP03752A Phys. Chem. Chem. Phys., 2015, 17, 11234-11243.
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excitation and emission was observed for all upconverter systems which can
be explained by Energy Transfer Upconversion. Also, a quadratic dependence
on the illumination intensity was observed for the NaYF4 and Y2 O3 host
material upconverters. The Gd2 O2 S host material upconverter deviated from
the quadratic illumination intensity dependence towards linear behaviour, which
can be attributed to saturation effects occurring at higher illumination power
densities.
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5.1

Introduction

In photovoltaics, only photons with energies equal to, or greater than the band
gap might be used to generate electric current. The inability of (inorganic)
solar cells materials to convert all incident photon energy into electrical current,
provides a fundamental limit to the solar cell efficiency; the so called ShockleyQueisser (SQ) limit [1]. The main loss processes are thermal losses from excess
photon energy and transmission losses of photons with energies lower than
the band gap. A process termed upconversion provides a pathway to convert
otherwise unabsorpbed low energy photons passing though the solar cell into
higher energy photons [2, 3], that subsequently can be redirected back to the
solar cell.
Among various possible upconversion systems [3–5] lanthanide-doped materials are of particular interest [5–13]. Lanthanides are the elements 57 (La)
to 71 (Lu) in the periodic table for which the 4f inner shell is being filled up
to 14 electrons. Lanthanides usually occur in their trivalent form (Ln3+ ) in

which they have n electrons in the 4f shell, providing 14
n possible electron
configurations, each with a different energy level. Changing the host material
into which the lanthanides are are dispersed provides a certain control over the
absorption and emission behavior of the lanthanide ions. For the present study
upconverters based on the Er3+ /Yb3+ lanthanide pair will be used [14].
In previous studies the performance of these upconverters in combination
with amorphous silicon solar cells was evaluated [15] but the sub-band gap
absorption of a-Si overlaps with the active absorption bands of the lanthanides
[14, 16]. It is suggested in literature [17] to use of GaAs solar cells because
their absorption range, with a band gap cut-off wavelength of about 875 nm,
is just outside the absorption range of the lanthanides. However, preliminary
experiments for the present study showed that, although it is very small, the
sub-band gap absorption of semi-transparent GaAs solar cells also overlaps
with the absorption range of the used Er3+ /Yb3+ upconverters. Other type IIIV
solar cells such as InGaP cells have a band gap cut-off at lower wavelengths
(700 nm for Eg = 1.8 eV). Therefore, in this work the use of upconverters is
studied in combination with a thin-film semi-transparent InGaP solar cell as
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obtained by the Epitaxial-Lift-Off process [18]. In particular a comparative
study of upconverter behavior influenced by fluoride (NaYF4 ), oxide (Y2 O3 )
and oxysulfide (Gd2 O2 S ) host materials is provided [3, 19, 20].
For a two-photon upconversion process, emission intensity is known to scale
quadratically with the illumination intensity since two photons are required
within the excitation lifetime of the lanthanide ion responsible for absorption of
photons (Yb3+ ) [17, 21]. The additionally obtained photocurrent will therefore
also scale quadratically with the illumination. This suggests that the best
opportunities, for use of lanthanide upconverters in combination with solar cells,
might be in concentrated light applications with a high concentration ratio.
Such concentrated photovoltaic (CPV) systems generally are also equipped
with type III-V solar cells.
At variance with most research on the subject of enhancing solar cell
performance using lanthanide upconverters, [3, 4, 9, 15, 17, 19, 21–27] the
current study focuses on the use of broadband illumination utilizing a flash
light set-up instead of laser excitation at specific wavelengths. This is done to
more closely approach the conditions under which the system should perform
in any practical application.

5.2
5.2.1

Theory
Upconversion

The energy level structure of the Er3+ /Yb3+ ion upconverter is schematically
depicted in figure 5.1. The partially filled 4f shell provides the unique optical
and magnetical properties of lanthanides. The 4f orbital is shielded from the
surroundings by the filled 5s2 and 5p6 orbitals. Therefore the influence of the
host lattice on the optical transitions in the 4fn configuration is relatively small,
but essential to the upconversion principle [28].
Theoretically, the 4f → 4f transitions are not allowed under the Laporte
rule, stating that transitions involving symmetrical orbitals are parity forbidden.
However, small changes in symmetry of the orbital configuration, due to admixture of opposite parity states, which are induced by odd-parity crystal field
components, provide deviation from the symmetry which makes the transfer
slightly allowed. The host material influences the transitions in the 4f shells.
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For increasing covalency of the host material the electronic transitions between
energy levels with an energy difference, which is determined by electron interaction, shift to lower energy [28]. A higher covalence, as in oxysulfide or oxide
host materials, makes the transition more allowed, in comparison to fluoride
host materials, leading to a broader and stronger absorption band.
Following the absorption, energy transfer between the 4f shells of two
lanthanide ions can occur via resonance of their dipole moments, consistent
with the energy transfer upconversion (ETU) process it uses. This occurs if
two conditions are met. Firstly, the spectral overlap between the emission of
the Yb3+ and the absorption of the Er3+ should be sufficient and secondly, the
two ions should be in close proximity to each other. The latter can be obtained
by high doping concentrations, which for lanthanide upconverters might be up
to 20% [3]. However, a material specific limit to doping must be taken into
consideration to prevent quenching effects. The first condition can be influenced
by the phonon energy of the host material. Although low, the phonon energy
of the host lattice can aid the transition between two ions if their excited state
levels are slightly unmatched.
For the particular upconverter evaluated in this study consisting of
Er3+ /Yb3+ ions

doped in host materials of fluoride, oxide or oxysulfide, the

upconversion principle (see figure 5.1) works as follows. The absorption of
energy takes place by excitation of the, so called, sensitizer (Yb3+ ) from the
2F
7/2

to the 2 F5/2 energy level. After absorption, the energy is transferred by

the sensitizer returning from the excited state (2 F5/2 ) to the ground state while
simultaneously the Er3+ ion, in this role referred to as activator, is excited to
the 4 I11/2 or the 4 F7/2 energy level. The spectral overlap between the Yb3+
and Er3+ ions is sufficient and doping concentration in various host materials
can be high enough for ETU.
Due to shielding of the 4f orbital, the electron-phonon coupling strength is
low. The parity is unchanged in the electron transition to the ground state and
therefore the lifetime of the excited state is relative long (up to 10−3 s) [28].
The optimal level of phonon interaction from the host material should induce
relaxation from the 4 F7/2 excited state to the lower intermediate states 2 H11/2 ,
4S
3/2

and 4 F9/2 while extended multi-phonon relaxation to the ground state is

prevented. Subsequently radiative decay from the intermediate energy levels to
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a lower lying state is possible resulting in several emission bands (see the right
hand side of 5.1).

Upconverter

InGaP cell

4

F7/2
H11/2
4
S3/2
4
F9/2
4
I9/2
4
I11/2
4

Conduction band
1.9 eV < hf < 2.4 eV
2

F5/2

1.8 eV
(700 nm)
hf < 1.8 eV

1.3 eV
(950 nm)
2

F7/2

Valence band

3+

Yb

sensitizer

545 nm

4

655 nm

hf > 1.8 eV

Er

520 nm

light

I13/2

Reﬂector
2.5 eV
2.4 eV
2.3 eV
1.9 eV
1.5 eV
1.3 eV
0.8 eV

4

I15/2

3+
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Figure 5.1: The UpConverter-System (USC) used in this study showing the principle
of upconversion in host material containing the Er3+ /Yb3+ system in combination with
an InGaP solar cell. The figure shows photovoltaic conversion in the InGaP solar cell
utilizing photons with energies exceeding 1.8 eV (700 nm) and the upconversion of
photons with energies in the 1.3 eV (950 nm) range to higher energies between 1.9 eV
(655 nm) and 2.4 eV (520 nm). These photons are reflected back, using a diffuse white
back reflector, into the InGaP solar cell.

5.2.2

Upconversion efficiency

In applications the lanthanide doped host materials are dispersed in a
poly(methyl methacrylate) (PMMA) layer. This assembly will be referred
to as upconverter system (UCS) and from here on upconverter-host materials
will be indicated with the name of the host material followed with UCS. The
UCS is placed behind a semi-transparent solar cell so that photons unabsorbed
by the cell are collected by the upconverter. Here two lower energy photons
can be converted into one higher energy photon, which is emitted back towards
the solar cell utilizing a diffuse white reflecting layer at the bottom of the UCS.
The power gain in the solar cell due to the upconverted photons is dependent
on the solar cells photovoltaic conversion efficiency in the wavelength region of
the upconverter emission under rear side illumination [2, 29].
A variety of definitions is used to describe the efficiency of the upconversion
process. Frequently the quantum efficiency is defined by comparing the emitted
energy of the lanthanides ions with the energy they effectively absorb. For
the upconversion of 980 nm to 540 nm photons in Er3+ /Yb3+ systems, typical
upconversion quantum efficiencies are 5.5% for 200 kW m−2 up to 10% for
400 kW m−2 [3]. Alternatively, the number of photons emitted is compared
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to the number of absorbed photons. With this definition the upconversion
efficiency can maximally be 50%. However, for use in PV applications it is more
important to relate the upconverted short wavelength photon energy emitted
by the whole UCS to the irradiated long wavelength photon energy. In this way
one also takes into account the non-perfect absorption of the lanthanide ions
and other parasitic absorption losses in the host material or supporting PMMA
layer. In the present study we will take this one step further towards the use in
PV systems and define the PV UpConversion System Efficiency (PVUCS-E) as
the ratio between the obtained photocurrent in the solar cell from upconverted
photons over the current generated in the bare solar cell (i.e. without UCS
but with back reflector) illuminated with the AM1.5 standard spectrum at the
appropriate concentration ratio.
The absorbed power density of a UCS under standard standard test conditions (STC) is given by:
Z
Puc,ST C =

PST C (λ) Auc (λ)dλ

(5.1)

In which, Puc,ST C (λ) is the AM1.5 spectral distribution with a total intensity
of 1000 W m−2 and Auc the absorption in the UCS. In a similar way the absorbed
power density of the UCS under standard flash light illumination is given by:
Z
Puc,f lash =

Pf lash (λ) Auc (λ)dλ

(5.2)

In which Pf lash (λ) is the spectral distribution at the maximum power density
during the flash. The maximum AM1.5 based concentration ratio experienced
by the UCS under flash light illumination during the experiments is given by:
Cuc =

Puc,f lash
Puc,ST C

(5.3)

We will refer to this quantity as the upconverter absorbed concentration
factor. For practical applications this would be the concentration ratio required
by the PV-UCS combination to generate the reported additional short-circuit
current densities (Jsc,uc ) in this study. For single-junction type IIIV solar cells
under moderate concentration ratios up to about 50 suns the short-circuit
current can be taken to be proportional to the illumination density. As we do
not use Cuc in excess of 50 suns the current density of the bare cell under the
122
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above determined concentration ratio is given by:
Jsc,cell = Cuc Jsc,ST C

(5.4)

with Jsc,ST C the short circuit current density of the bare cell under standard test conditions (AM1.5, 1000 W m−2 and 25

). Subsequently the PV

UpConversion System Efficiency (PVUCS-E) is given by:
P V U CS − E =

5.3

Jsc,uc
Jsc,cell

(5.5)

Experimental

In this study four different upconverter-host combinations were studied. The
first two were 1% Er3+ /9% Yb3+ and 1% Er3+ /18% Yb3+ both in NaYF4
host material, synthesized at the department of Condensed Matter and Interfaces at Utrecht University. The other two were commercially available
Er3+ /Yb3+ upconverters in Y2 O3 and Gd2 O2 S hosts, obtained from Phosphor
Technology. Previous studies [30] indicated the Er3+ and Yb3+ concentrations,
in both systems, to be 5% and 10% respectively. Each upconverter was provided
in powder form and was added to a mixture of PMMA in chloroform with a
volume ratio 1 : 10. This was deposited on a white diffusive reflecting tape
[8, 30] on top of a glass plate and dried for 4 hours to form a solid layer. The
reflective tape was developed by DuPont and Oerlikon Solar [8] and has a
reflectance of more than 95% independent of wavelength [14].
The thus obtained UCS were used together with a 1.0×2.0 cm2 semitransparent InGaP solar cell. The InGaP structure was grown by low pressure
metal organic vapour phase epitaxy (MOVPE) on a 2 inch diameter (100)

°

GaAs wafer with a misorientation of 2 towards [110]. To obtain a thin-film
semi-transparent cell, an AlAs release layer with a thickness of 10 nm was
grown first, followed by the layers of the 1 µm thick InGaP cell structure.
Using Epitaxial Lift-Off, the layers on top of the AlAs layer were separated
from their original substrate by etching of the sacrificial AlAs layer with 10%
aqueous HF. This results in a thin-film layer stack on a foreign plastic carrier.
Further thin-film solar cell processing involves transfer to a rigid glass carrier,
electron-beam evaporation of gold alloyed aligned grid contacts at both sides to
123
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obtain maximum transmission of unabsorbed photons and mesa etching [9, 18]
The coverage of the grid patterns was 7% of the solar cell on the front-side and
(resulting from a larger contact area) 8% on the back-side. The cell was not
coated with an anti-reflection coating.
Before integration with UC-systems, the performance of the bare InGaP
cells were determined under front side illumination (FSI) as well as back side
illumination (BSI). The I-V characteristics of the cells under the 1000 W
m2 AM1.5 standard solar spectrum were determined using a solar simulator
(ABET Sun 2000) connected to a Keitley 2600 voltmeter and Tracer2 software
(ReRa Solutions

®).

Before measurement the light intensity is set using a

GaAs reference cell, which was calibrated at the National Renewable Energy
Laboratory (NREL). The external quantum efficiency (EQE) was measured
by a ReRa Solutions SpeQuest system with an Omni 150 monochromator and
a Hg-lamp. Calibration was performed using a ThorLabs Si photodiode with
known spectral response and a systematic error smaller than 3%. During FSI
EQE measurement measurements a white reflective background was used in
order to make comparison of cell performance with and without UCS justified.
Figure 5.2 shows a schematic drawing of the set-up used for the measurement
of the solar cell photocurrent resulting from upconversion. The measurement of
the spectral irradiance, absorption and emission of the upconverter in absence
of the solar cell were also performed in this set-up. A xenon flash lamp is used
as broadband light source. This lamp gives pulses of approximately 4 ms of
light with intensity up to several hundred suns at the sample distance used
in this study. The InGaP cell and the UCS are placed in a box below the
flash lamp. The interior of this measurement box has a non-reflective black
surface. Light from the lamp can only enter the box through an opening straight
below the lamp. For measurement of response to sub-band gap light all light of
wavelengths below 900 nm is blocked by a longpass filter. InGaP has a band gap
of 1.88 eV (corresponding to a cut-off wavelength of 660 nm), which means that
the longpass filtering removes all light that could be photovoltaically converted
during the first pass of light.
The set-up contains a beam splitter, which deflects a fraction of approximately 8% of the incoming light to a photodiode and transmits the remaining
light towards the solar cell and/or UCS. Using a large range photocurrent
124
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amplifier both the current of the photodiode and the short circuit current
density of the solar cell could be measured simultaneously as a function of time
during the Xe light flashes. On forehand the photodiode signal was related to
the power density of the light source on the PV cell in a separate calibration
procedure.
The power of the illumination on the PV cell was varied by placing different
additional grey filters in the opening of the measurement box. Twelve different
grey filters were used, having transmissions between 1% and 98% relatively
independent of the wavelength. Following this procedure, the dependence of
the solar cell current on the illumination power was obtained for all upconverter
systems.
In a similar way as described in a previous study [16] the absorption spectra
of the upconverter systems were derived from reflection measurements. For these
measurements the filters were removed from the opening of the measurement
box and the Xe flash lamp was replaced with a continuous halogen light source.
The diffusely reflected light was recorded using an Ocean Optics USB4000
Fibre Optic Spectrometer, whose operation is based on a linear CCD array.
The reflection of a reference sample, consisting of Oerlikon white reflective foil
without upconverter, was measured as well. The emission spectra were obtained
in a similar way but with the 900 nm longpass filter placed in the opening of
the box to ensure that only upconverted sub-900 nm light was detected.
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Light source:
- Xe ﬂash
- Halogen continuous

beam
splitter

Photodiode

Filters:
- 900 nm longpass
- GaAs wafer
- Grey ﬁlters

Spectrometer

InGa P solar cell
Spectrometer

Reﬂector
Sample Holder

Monochromator

optical
ﬁber

Multimeter
UCS:
- Gd2O2S
- Y2O3
- NaYF4 1/9
- NaYF4 1/18

measurement box

Figure 5.2: Schematic overview of the used set-ups for measurements of upconverters.
Showing the measurement box with exchangeable light sources, filters, UCS, upconverter,
several recording devices and optional position of the solar cell .
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Results

5.4.1

Semi-transparent InGaP solar cell

Figure 5.3 shows the J-V and quantum efficiency of the semi-transparent InGaP
cell used in the present study under front side illumination (FSI) and back side
illumination (BSI). The layer structure of the InGaP solar cell was previously
developed for operation with a regular full back contact. Figure 5.3 indicates
that modification of the cell structure to optimize the cell performance under
rear side illumination would be beneficial to maximize the upconverter induced
photocurrent. However, optimization of the cell current for rear-side illumination
will come at the cost of its performance under front side illumination and in
fact would only be justified if upon modification the total cell-UCS would
outperform the present bare cell. Even if an efficiency gain of 1% under BSI
comes at a loss of only 0.1% under FSI, this would only be justified if the
PVUCE would be in range of 0.1%. As will be shown later in this study, this is
not the case in the present stage of research.
a.
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Figure 5.3: Current density-voltage (J-V) characteristic (a) and external quantum
efficiency (EQE) of a 1.0 × 2.0 cm2 bifacial ELO InGaP solar cell with a thickness of
1.0 µm for both front side illumination (FSI) and back side illumination (BSI).
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5.4.2

Absorption and emission of upconverter systems

The absorption spectra of the studied upconverter systems are shown in figure 5.4. All UCS show a broad absorption band ranging from 900 nm to slightly
more than 1000 nm, which is attributed to both the Yb3+ : 2 F7/2 → 2 F5/2
transition and the Er3+ :

→ 4 I11/2 transition. The other absorption

peaks are all attributed

transitions. The position of the absorption

4I
15/2
to Er3+

features in the spectra is quite similar but their magnitude and shape differ
depending on the host material. For the oxysulfide UCS the sensitizers absorption band is significantly larger than for the other three host materials because
the energy transitions associated with the absorption are more allowed through
the interaction of the sensitizer with the more covalent oxysulfide host.
Comparison of the absorption spectra with the flash light spectra and AM1.5
spectra, in the wavelength range above the cut-off wavelength of the solar cell,
gives an indication of the fraction of incident light that can be absorbed by the
upconverter when used under flash light and in the field. Figure 5.5 shows the
overlap between the absorption bands of the sensitizer and the AM1.5 spectrum.
Upconverter absorbed power (Puc,f lash and Puc,ST C ) values for the different
upconverters as calculated using eqs. (5.1) and (5.2) are shown in table 5.1.
Figure 5.5 shows that the sensitizer absorption band of the Gd2 O2 S UCS
coincides with a low irradiance part known as a ”water hole” in the AM1.5
spectrum. Nevertheless, even under the AM1.5 spectrum, the absorption in the
oxysulfide host material UCS is still higher than of the other UCS investigated
in this study.
Under broadband illumination ranging from 900 nm to 1050 nm each of
the four UCS show emission with multiple peaks around 545 nm and 680 nm.
The overlap between the emission bands of the upconverters and the QE of
the InGaP cell under rear side illumination is shown in figure 5.6. The Y2 O3
UCS emits most of its light outside the functional wavelength range of the
InGaP cell, mainly due to the higher phonon energy of the host material which
increases the possibility of multi-phonon relaxation in the activator (Er3+ ).
This upconverter type is therefore less suitable to be used in combination with
an InGaP solar cell. The Gd2 O2 S UCS has a much higher emission than the
other three UCS, as a result of its stronger absorption and more effective ETU.
This can be observed from the order of magnitude larger emission indicated in
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figure 5.6. The difference in emission in the NaYF4 with 9% or 18% Yb seems
consistent with the relative difference in absorption indicated in figure 5.5. The
host material has, in this particular case, the most significant influence on the
upconversion process.

Figure 5.4: The absorption spectra of Er3+ /Yb3+ upconverters in Gd2 O2 S (top), Y2 O3
(second) and NaYF4 (bottom two) host material. The peaks are annotated with the
excited state with which they correspond.
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Figure 5.5: The overlap between the relevant absorption bands of the four upconverter
types used in this study (left axis) and the power density distribution of the AM1.5
standard spectrum (black line with red fill, on the right axis).
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Figure 5.6: Relative emission spectra of four different upconverters (a: Gd2 O2 S and
Y2 O3 UCS; b: NaYF4 UCS) as obtained with equal recording time (left axes) in relation
to the external quantum efficiency (EQE) of the semi-transparent InGaP solar cell
under back-side illumination (right axes).
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PV-UCS performance under 900-1050 nm flash light illumination
Figure 5.7 shows the power density distribution (PDD), of the used flash lamp,
over wavelength and time. The maximum power density in the investigated
wavelength range of 900-1050 nm during a flash is about 2.7 kW m−2 . Comparing this to the power density of the ”one sun” AM1.5 spectrum, which, in
the same wavelength range, accumulates to 83 W m−2 , leads to the conclusion
that in this range the flash light source delivers a light intensity equivalent to
about 32 suns.
The wavelength dependency of the absorption makes comparing upconverters
difficult. Therefore eq. (5.2) is used to integrate over the wavelength leading to
an upconverter absorbed power from the flash lamp (Puc,f lash ). Furthermore,
the AM1.5 based upconverter absorbed concentration factor is calculated via
eq. (5.3). The values of Puc,f lash , Puc,AM 1.5 and Cuc , for each of the four UCS
used, are stated in table 5.1.
Figure 5.8 shows the simultaneously recorded power density of the Xenon
lamp and Jsc,uc of the InGaP cell for each of the UCS examined in this study. The
black dashed line represents the situation when no UCS is used which confirms
that the recorded Jsc,uc signal indeed solely originates from upconverted photons.
The figure also shows a clear time delay between the maximum intensity of
the flash and the current generated in the InGaP solar cell. The values of
the time delays are stated in Table 1. To reduce noise, the measured signals
were smoothed before the maxima were determined. As expected from its
larger absorption and ETU, the time delay is shortest in the Gd2 O2 S UCS.
Accordingly, a longer time delay in the NaYF4 UCS with the lower concentration
of Yb3+ is observed, compared to that of the higher concentration of Yb3+ in
the same host material [5, 25].
The illumination intensity dependence of the photovoltaic current density
due to upconversion was studied using a set of neutral density filters with various
transmissions. For each filter, flash power density and Jsc,uc were measured
during ten flashes. Fig. 9 shows the maximum of the upconverter induced
current density (Jsc,uc ) in the InGaP cell as a function of the maximum power
density of the flash (Pf lash ) in the wavelength range from 900 nm to 1050 nm.
Each point represents the measurement during one flash and series of data
collected at two or three different occasions with intervals of at least one day
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are independently identified.
The data of each series was fitted with an exponential function according
to:
Jsc,uc = aPfblash

(5.6)

using the program SciDAVis, which uses a scaled LevenbergMarquard
algorithm, considered as a standard nonlinear least squares algorithm. SciDAVis
provides the slope (a) and the exponent (b) with errors computed from the
scatter of the data [31]. The parameters are shown in table 5.2. The values of
the coefficient of determination (R2 ) are close to 1, indicating that the lines fit
the data very well. The values of the slope (a) vary slightly between different
series of the same upconverter, probably because of variations in the positioning
of the solar cell, the upconverter or the filters in the set-up. Note that the
solar cell and upconverter were removed from the set-up between the series.
For the Gd2 O2 S UCS, the exponent b is significantly lower than 2, being the
theoretically expected value for a two photon upconversion process as described
earlier. A theoretical study using a rate-equation model showed that this
quadratic dependence is only valid at low excitation power, when linear decay
of the intermediate excited state dominates upconversion [21]. In the high
power limit upconversion is dominant, and the emission is linearly proportional
to the excitation power. Pollnau et al. [21] verified this model by several
experiments. Furthermore it is also valid for energy transfer upconversion in
which the sensitizer and acceptor are separate ions [20]. The decrease in the
exponent (b) towards 1 is referred to as upconverter ”saturation”. For the
Y2 O3 and NaYF4 UCS the measured values of ’b’ are between 1.9 and 2.0.
This means that a near quadratic relationship between the illumination
power density and the solar cells photocurrent was observed. For these upconverters the illumination power density was too low for saturation. The
observation that the Gd2 O2 S upconverter begins to saturate has implications
for its applicability under high power densities. The power dependence of the
upconverter quantum efficiency is determined by:

EQE ∝

Pb
Pem
(b−1)
∝ abs ∝ Pabs
Pabs
Pabs
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where Pabs and Pem are the absorbed and emitted power respectively. As
long as b ¿ 1, the efficiency increases as function of light power. However, if the
upconverter is fully saturated, which is the case if b = 1, increasing the light
power has no beneficial effect on the quantum efficiency of the upconverter. This
implies that the potential solar cell enhancement under higher concentrations
of sunlight may be larger for the Y2 O3 and NaYF4 UCS than for the Gd2 O2 S
UCS.

Figure 5.7: Power density distribution (PDD) of the flash light as function of the
wavelength and time. Projections of the maxima per wavelength and over time are
displayed on the side planes.

PVUSC efficiency
The PV-UCS efficiency (PVUCS-E) was earlier defined as the relative increase
of the performance of a PV cell upon the addition of an upconverter system.
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Figure 5.8: Illumination power density of the flash (right-axis in orange) and the shortcircuit photocurrent generated in the InGaP solar cell (left-axis) during flash using four
different upconverters. (a) the Gd2 O2 S UCS (b) the Y2 O3 and both NaYF4 UCS. In
both graphs the black dotted line indicates the current measurement in the InGaP solar
cell without upconverter, in which case there is no photovoltaically generated current.

Table 5.1: The upconverter’s absorbed power densities of the flash (Puc,f lash ) and of the
AM1.5 spectrum (Puc,AM 1.5 ), the upconverters absorbed concentration factor of AM1.5
sun light (Cuc ), the maximum current density obtained (max(Jsc,uc )), the Effective
Efficiency (EE) and the time delay (∆t) between the maximum of the flash and the
maximum in the current density.
Upconverter
(host : Er/Yb)

Puc,f lash
(W · m−2 )

Puc,ST C
(W · m−2 )

Cuc

max(Jsc,uc )
(mA · cm−2 )

P V U CE
%

∆t
(ms)

Gd2 O2 S: 5%/10%
Y2 O3 : 5%/10%
NaYF4 : 1%/9%
NaYF4 : 1%/18%

595
422
284
415

12.8
11.7
7.5
10.8

47
36
38
39

0.10
3.9E-3
4.0E-3
3.5E-3

17.6E-3
0.90E-3
0.88E-3
0.72E-3

0.6
1.6
1.9
1.4
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Figure 5.9: Maximum upconverter induced short-circuit current density (J sc,uc ) versus
maximum illumination power density (P flash ) during the same flash. Showing the
InGaP solar cell in combination with Gd2 O2 S (a), Y2 O3 (b) and NaYF4 (c and d) UCS.
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Table 5.2: Parameters of the best fit of the experimental data using eq. (5.6) as shown
in figure 5.9. Different colors corresponds with the colors in figure 5.9 from different
repeated experiments. The ”Total b” represent the combined value of b calculated from
the individual measurements

UCS: Er3+ /Yb3+

a (10−4 )

Gd2 O2 S : 5%/10%

140.2 ± 0.9
137.8 ± 1.1
3.80 ± 0.09
4.02 ± 0.11
3.77 ± 0.09
3.46 ± 0.05
3.51 ± 0.08
3.52 ± 0.04
3.38 ± 0.06
3.66 ± 0.06

Y2 O3 : 5%/10%
NaYF4 1%/9%

NaYF4 1%/18%

b
1.739
1.745
1.971
1.920
2.008
1.967
2.001
1.948
1.935
1.956

±
±
±
±
±
±
±
±
±
±

0.006
0.008
0.022
0.030
0.022
0.014
0.022
0.010
0.019
0.015

R2

Total b

0.9996
0.9995
0.9966
0.9952
0.9974
0.9988
0.9974
0.9994
0.9977
0.9985

1.742 ± 0.003
1.946 ± 0.026
1.992 ± 0.025

1.946 ± 0.011

For the highest light concentration values encountered by the UCS in this study
the PVUCS-E values are determined using eq. (5.5) and shown in table 5.1. The
Y2 O3 and NaYF4 UCS realize an additional performance of less than 10−3 %.
The additional performance obtained by the Gd2 O2 S UCS is about 20 times
higher. However, this system also provides a relative contribution of less than
0.02% to the performance of the PV cell even though the operation of this
particular system already starts to move towards its saturation range. Clearly
significant improvements in upconverter performance have to be realized to
justify the development of dedicated semi-transparent PV cell structures to be
used in combination with such systems and to further evaluate their potential
in actual CPV systems. For the current research it will be sufficient just to
replace the full back contact of a regular thin-film IIIV solar cell by a grid
contact in the experimental investigation of upconverter systems.

5.5

Discussion & conclusion

In this study, the combination of an InGaP solar cell with Er3+ /Yb3+ upconverters was investigated. Four upconverter systems with different host materials
and lanthanide concentrations were studied: Gd2 O2 S and Y2 O3 both with 5%
Er3+ /10% Yb3+ concentrations and NaYF4 with 1% Er3+ /9% Yb3+ and 1%
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Er3+ /18% Yb3+ . All UCS show a broad absorption ranging from 900 nm to
1000 nm, and emission around 550 nm and around 660 nm. The Gd2 O2 S UCS
is the strongest absorber, however, the maximum of the absorption of this UCS
is positioned around 950 nm which coincides with a low energy spectral range
(water hole) in the AM1.5 spectrum, whereas the absorption of the NaYF4
UCS is mainly located at higher wavelength than this hole. This means that
NaYF4 is a more suitable host material considering the wavelength range of
the absorption band. Nevertheless, the absorbed power density under AM1.5
illumination is found to be higher for the Gd2 O2 S UCS case than for the NaYF4
UCS. Emitted light around 550 nm is converted in the semi-transparent InGaP
solar cell with a quantum efficiency of 0.5. The emission peaks around 660 nm
are, however, close to the cut-off wavelength of InGaP. In this region the EQE
of the solar cell is rapidly decreasing. Particularly the combination of the Y2 O3
UCS with an InGaP solar cell is not optimal for this reason, a solar cell with a
higher cut-off wavelength would provide a better match.
An experimental set-up was designed in which the solar cell photocurrent
resulting from upconversion was measured. The solar cell and upconverter
were illuminated by a xenon flash lamp producing short and intense pulses of
broadband light from which all light of wavelengths below 900 nm was removed.
Without upconverter, the measured short circuit current was zero, whereas a
distinct photocurrent was measured in the presence of each upconverter. The
total power density of the flash light from 900 nm to 1050 nm accumulated to
2.7 kW m−2 . At this power density, the maximal short circuit current density
of the solar cell during a flash was 0.10 mA cm−2 for the Gd2 O2 S UCS and
around 0.0035 mA cm−2 for the other three UCS. Furthermore, a time delay
was observed between the moment that the flash intensity reaches its maximum
and the solar cell gives the maximum upconverter induced photocurrent, which
is a typical feature of energy transfer upconversion. Another characteristic is
the quadratic dependence of the emission on the absorbed light power, which is
valid up to a certain illumination power density. A nearly quadratic dependence
was observed for the Y2 O3 UCS and NaYF4 UCS, whereas the Gd2 O2 S UCS
already showed signs of saturation.
The enhancement of InGaP solar cell short circuit current resulting from
upconversion was determined to be about 0.02% under illumination of 46 suns
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for the Gd2 O2 S UCS and 0.001% under illumination of 36 suns for the other
three UCS. The small increments in output power measured in the present study
are too small to measure during regular operation of the solar cell. Therefore
the approach in which all light below 900 nm was excluded from reaching the
solar cell was used. Clearly the enhancement of solar cell efficiency achieved by
application of an upconverter systems in the present state of development is far
too low for practical applications.
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Chapter 6

Epitaxial Lift-Off for Organic
Photovoltaics
Abstract
Controlling the microscopic organisation of active components is crucial in the
performance of organic photovoltaic (OPV) cells. We used (001) Muscovite
mica as a growth template to study the controlled formation of the active layer
structure of OPV cells. The structures were spin-coated from a PC61 BM:P3HT
solution and subsequently annealed. The parameter range to produce layers
with high surface density of (sub)micrometer sized PC61 BM crystallites was
significantly larger for mica than for other substrates. The increased nucleation
on mica is attributed to an epitaxial relation between the mica surface and
PC61 BM.
Through a float-off procedure in water the active layer was transferred from
the mica substrate to a conductive ZnO coated ITO-glass substrate, which
formed the basis of the first transferred inverted solar cell. A power conversion
efficiency of 2.1% was obtained for this transferred device, which with a 22%
higher short-circuit current density outperforms its conventional counterpart
that was directly produced on a ZnO coated ITO-glass substrate (PCE 1.8%).
A new set-up for simultaneous laser beam induced current (LBIC) and
surface reflection analysis, revealed that the increased current density originates
from large circular areas with a radius of about 10 µm around the PC61 BM
crystallites. This yields a locally thinner layer thickness in which the P3HT is
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allowed to become more crystalline in nature as well. In turn this increasingly
hampers further diffusion of PC61 BM towards the growing PC61 BM crystallite.
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Introduction

Currently, the most widely used method for the formation of the active layer of
fullerene:polymer organic solar cells is the bulk-heterojunction (BHJ) approach
[1, 2]. In this approach, acceptor- and donor-material (a common example
is a mixture of PCBM:P3HT) are dissolved in a solvent before this solution
is spin coated onto a substrate after which samples are often subjected to
different kinds of post-treatments [3, 4]. Amongst others, thermal annealing is
a widely used to improve the morphology of PCBM:P3HT organic solar cells
by crystallization and de-mixing of the P3HT polymer and PCBM molecules
[5, 6]. A schematic representation of the thus-obtained morphology is shown
on the left hand side in Figure 6.1. The phase separation obtained by the
post-treatment leads to domains rich in either donor or acceptor material that
preferably should have a length scale in the range of 10-20 nm [7–9]. However,
due to the uncontrolled nature of the phase separation process, a continuously
interconnected donor-acceptor network is difficult to obtain. Instead, isolated
donor and acceptor-domains, which are not connected to their corresponding
electrodes, are easily formed. Charges dissociated at such ’islands’ will not
contribute to the photocurrent but will lead to the build-up of space charge,
diminishing device performance (see Figure 6.1). Furthermore, even though
phase separation provides shorter distances for the excitons to diffuse, it is
still quite probable that exitons are recombined before they dissociate at the
interface, simply because the phase domain dimensions are (still) too large
(see right-hand-side in Figure 6.1). In addition, due to the bulk-heterojunction
morphology, free carriers cannot be transported in straight pathways towards
the electrodes, but have to travel longer distances through the donor-acceptor
network, increasing the chances of recombination. Therefore, PCBM agglomeration, commonly referred to as ’PCBM overgrowth’, is usually not regarded
as beneficial for device performance, also because PC61 BM is not photo active
and the domain volumes of PC61 BM do not contribute to the absorption of
light. Therefore, optimization of PCBM concentration and processing yielding
reduced agglomeration, was demonstrated to result in performance improvements [7, 10]. Nano-scale morphology formation in BHJ cells is predominately
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caused by P3HT crystallisation which can be controlled by thermal annealing [6, 11–14]. Crystalline P3HT regions, already depleted from PCBM, form
diffusion barriers and limit excessive growth of PCMB crystals [11, 14], while
additionally the Power Conversion Efficiency (PCE) of the solar cells benefits
from the crystalline P3HT regions, since local hole mobilities are high compared
to amorphous material [15–17].
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Figure 6.1: Schematic representation of a Bulk Heterojunction organic solar cell structure showing exciton formation (upon photon absorption), diffusion and dissociation
into free transportable charges and charge transport to the corresponding electrodes.
Left: BHJ principle; middle: island formation; right: diffusion limited situation.

An alternative approach is the application of a Controlled HeteroJunction
(CHJ), which is a similar system compared to the BHJ except for the fact
that it contains a controlled nano-scale morphology. In the CHJ method, the
PC61 BM agglomerates are considered desirable. By decreasing their maximum
size to twice the exciton diffusion length and increasing their abundance, these
agglomerates can improve device performance, as was demonstrated by Yang
et al. [18]. The well defined domains of donor and acceptor material present
in a CHJ (see Figure 6.2) could overcome the three well known difficulties of
the BHJ (shown in Figure 6.1) namely: diffusion limitations, island formation
and in-direct percolation pathways for free charges. Ideally, the CHJ would
comprise pillar-like acceptor domains separated by (nearly) pure donor domains.
If the acceptor pillars are straight and solely connected to one electrode, a clear
percolation pathway for dissociated charges towards the electrode is assured.
No isolated domains should be present that prevent the loss of photocurrent
and the build-up of space charge. An ideal spacing of ∼20 nm between the
pillars should be able to deliver sufficient donor-acceptor interfacial area to
maximize exciton dissociation.
For the small and abundant PCBM domains to be formed in a configuration
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Figure 6.2: Schematic representation of a controlled heterojunction solar cell structure
where defined domains of donor and acceptor material provide an increased probability
for exciton dissociation and a clear percolation pathway for free charges.

such that they can easily be contacted with an external electrode, heterogeneous
nucleation of PCBM on a foreign substrate can be used. For substrate induced
nucleation, PCBM molecules need to diffuse towards the substrate through the
P3HT matrix. Heterogeneous nucleation will always compete with homogeneous
(bulk) nucleation, but nucleation at the substrate will dominate when it provides
preferred nucleation sites for PCBM. Li et al. [19] identified the cleaved surface
of Muscovite mica normal to the <001> direction to be such a template for
structures produced from a PC61 BM:P3HT blend [19]. The preferred nucleation
property of this template is attributed to the presence of an epitaxial relation
between the (001) mica surface and the PC61 BM crystals, which Li proposes
to crystallize in a distorted cubic lattice. This model was further elaborated
by Zheng et al. [20] in a study towards the role of the polymer (P3HT) in the
PC61 BM:P3HT blend, on the shape and orientation of the PC61 BM crystals.
In this study, post-deposition annealing was found to be essential and PC61 BM
diffusion through the blend was recognized as the main determining factor for
nucleation and crystal growth.
Because mica is an insulator, the active layer structure after its formation
has to be transferred to an electrically active carrier. Li et al. [19] demonstrated
the feasibility of this method and reported an enhanced PCE from 0.66%, for a
cell directly produced on an ITO coated glass substrate, to 2.23% for a cell of
which the active layer was produced on mica, and afterwards transferred to an
ITO-glass substrate. This approach shows similarities to the so-called epitaxial
lift-off (ELO) process that, since 1995, has been developed in our institute
to produce high efficiency thin-film solar cells based on III-V semi-conductor
materials [21]. Also, in that case the active layer structure is produced on a
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dedicated template (usually a GaAs wafer) and afterwards transferred to an
electrically active carrier (usually a Cu foil that serves as the back contact of
the cell). In contrast to the prompt success for organic solar cells as reported
by Li and co-workers [19, 20], it took about a decade of research to optimise
the lift-off, transfer and subsequent cell processing routines before transferred
III-V solar cells were obtained with a performance equal, and later surpassing,
that of their regular (i.e. direct on wafer produced) counter parts [22, 23].

In this study we investigate the heterogeneous PC61 BM crystallisation
on Muscovite mica in comparison to other substrates as a function of the
PC61 BM:P3HT blend composition, annealing temperature and P3HT molecular
weight. Although from a PCE perspective 20 nm PC61 BM crystallites are most
desirable, in this study micrometer sized crystallites are produced by annealing
at relative high temperatures. This allows for analysis of the active layers as
a whole with optical microscopy, the individual crystallites with Transmission
Electron Microscopy (TEM) and of the processed solar cells with Laser Beam
Induced Current (LBIC) microscopy. In case mica is used to create the active
layer structure, solar cells are produced by lift-off and transferring these films
to ZnO coated ITO/glass substrates before further cell processing. It is shown
that an inverted solar cell with a transferred active layer performs better than
its conventional inverted equivalent. This demonstrates the feasibility of the
approach to use a dedicated growth template for the production of the active
layer structure of an organic solar cell.

Figure 6.3: Schematic representation of the transfer process of an active layer spin
coated and thermally annealed on mica (growth template) floated off by submersion
in water and subsequently transferred to, for example, an ITO patterned glass plate.
Optionally additional layers can be applied on the ITO-glass substrate prior to transfer.
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6.2
6.2.1

Experimental
Sample preparation

In this study 30×30 mm2 mica, glass and indium tin-oxide (ITO) patterned glass
substrates (for device fabrication) were used. Glass and ITO-glass substrates
were cleaned by sequentially sonicating in acetone for 15 minutes, cleaning
with a sodium dodecyl sulphate solution, sonicating in this soap solution for 15
minutes, rinsing with ultra pure water for 15 minutes, sonicating in 2-propanol
for 15 minutes and finally applying an UV/ozone-treatment for 30 minutes.
The 30×30 mm2 mica substrates were cut from larger (001) oriented sheets and
simply laterally cleaved under ambient conditions to obtain a freshly cleaved
process-ready surface.
PC61 BM (Sigma-Aldrich) and P3HT (Rieke Materials for the Mw study
and Sigma-Aldrich for the other studies) solutions with a total concentration of 20 mg/ml were prepared by dissolving appropriate amounts in orthodichlorobenzene (oDCB) and stirring overnight at 70

. In a nitrogen-purged

glovebox, the solutions were spin coated at 600 rpm for 200 seconds onto the
different substrates, and subsequently thermally annealed for 30 minutes on a
hot plate at a temperature in the range between 110

 to 250 . The spin-coat

process and the anneal time was kept constant for all samples produced in
this study. The process parameters that define the production of an active
layer sample are the PC61 BM/P3HT ratio (R), the total concentration of these
components in the oDCB solution (in this study a constant 20 mg ml−1 is used)
and the anneal temperature (T). For comparison many samples were produced
using R = 1 and T = 140

, these conditions will be referred to as standard

process conditions and unless stated otherwise a sample can be considered to
be produced under these conditions.
For transfer of active layers produced on mica to ITO patterned glass or a
TEM mesh grid carrier, a water-transfer technique (Figure 6.3) is used. For
this purpose, the coated mica substrate was submerged in a nano-pure water
bath, in which the active layer simply floated off and was subsequently picked
up with another substrate. The transferred active layer was dried at room
temperature and subsequently placed on a hotplate at 90
minutes to evaporate any remaining water.
150
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Device processing

It is important to note that in our laboratory the equipment for device production and cell analysis is located in ambient atmosphere and not in a nitrogen
purged closed environment as would be preferred to obtain OPV cells with the
highest possible efficiencies. As a consequence, we directed our proof-of-concept
study to a so-called inverted cell configuration (see insert in Figure 6.12), which
is known to be more stable under ambient conditions [24]. Therefore, in this
case the inverted cell approach is better suited to provide a proof of concept for
the production of an operational cell from a transferred active layer and comparison of its performance with that of a cell directly produced on a patterned
ITO-glass substrate. For convenience we will refer to these cells as transferred
inverted cells and conventional inverted cells.
For device fabrication the cleaned ITO patterned glass substrates were
coated with: a 30 nm zinc oxide (ZnO) electron transport layer, the active
layer (either directly spin coated or obtained from transfer), a 30 nm CPPPEDOT hole transport layer and finally a 100 nm Ag back contact layer to
obtain an inverted configuration organic solar cell. The ZnO layer was coated
from a solution of zinc acetate dihydrate (0.5 M) and ethanolamine (0.5 M) in
anhydrous 2-methoxyethanol, which was stirred for 1 hour prior to spin coating
(50 s at 4000 rpm) and annealing (5 min at 150

). Zinc acetate dihydrate,

ethanolamine and 2-methoxyethanol were obtained from Sigma-Aldrich. After
applying the active layer, the samples were further subjected to an N2 -plasma
for roughly 2 seconds to increase the surface hydrophilicity. The hole transport
layer was coated from a solution of 3:1 CPP-PEDOT:isopropanol, which was
sonicated for 15 minutes and filtered though a 0.45 µm PVDF filter before spin
coating (60 s at 6000 rpm) and annealed (10 min at 120

). The 100 nm thick

Ag electrode was deposited using a thermal evaporator at a pressure below
10−5 bar.

6.2.3

Analysis

Optical microscopy images were obtained using a Nikon Eclipse ME600 Microscope equipped with a Nikon Digital Sight DS-L1 camera. All images are
displayed as captured. AFM images were made using a Dimension 3100 system
operating with Nanoscope (v6.12r1) control units (Digital Instruments). All
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images were recorded with the AFM operating in Tapping Mode in air, at room
temperature, with a resolution of 512x512 pixels and using a scan rate of 1 Hz.
Commercial non-contact Golden Silicon Probes (NT-MDT) with a maximum
tip curvature radius of 10 nm were used. Gwyddion (v2.31) software was used
to convert the raw data to the displayed images. TEM images from samples
transferred from mica to a mesh grid were obtained using a JEOL TEM 2100.

Image analysis was performed on images obtained by optical microscopy
and AFM using CellProfiler (v2.1.1) image analysis software. For Figures 6.6,
6.9 and 6.10 each measurement point represents the analysis of 10 images of
175 × 132 µm2 obtained from a single substrate sample and for Figures 6.4
and 6.7 respectively 3 and 1 image(s) were used for the analysis. For each
data point as shown on all images the average diameter is calculated from all
particles in all images and presented with an error bar representing the standard
deviation. The particle density is determined for the area shown on each image
and subsequently averaged over the limited number of images and therefore the
error bar was omitted.

To characterize the completed solar cell devices, IV-characteristics were
obtained using a 2601A Keithley source generator operated with Tracer 3
software by ReRa Solutions. The cells were illuminated using an Abet Sun
2000 solar simulator comprising of a 550 W xenon arc lamp light source. The
light intensity of the solar simulator was calibrated using a GaAs reference
cell. For measurements, the solar cells, with an active area of 0.116 cm2 ,
were illuminated with an intensity of 1000 W/m2 (1 sun). External Quantum
Efficiency measurements were performed using a ReRa Solutions SpeQuest
system with an Omni 150 monochromator and a Hg-lamp. Calibration was
performed using a ThorLabs Si photodiode with known spectral response and a
systematic error smaller than 3 %. An in-house developed Laser Beam Induced
Current set-up was used to characterize the local performance of the transferred
active layer devices. The set-up contained a 5 mW 633 nm laser which is guided
though an optical system before illuminating the cell with a spot of ± 1 µm in
diameter. During the LBIC measurement, the light reflected from the samples
is measured simultaneously.
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Results
Morphology and crystal structure

Crystallization of PC61 BM is substrate dependent, even when no specific relation
to the substrate is present [25]. Figure 6.4 shows PC61 BM crystallization on
three different substrates: ZnO, glass and mica. ZnO was added as a reference
as it is the default pre-layer for the active layer in inverted organic solar cells.
Image analysis shows that the sample morphologies on ZnO and glass are very
similar indicating that little to no substrate-specific nucleation is present on
either substrate. On the other hand, the sample produced on mica shows a
significantly smaller crystallites nucleated in a much higher density. A preferred
morphology if this tendency can be extended to the 20 nm range at lower
annealing temperatures.
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Figure 6.4: Optical microscopy images and PC61 BM crystallite particle size distribution
for samples produced on ZnO (left image, green points), glass (middle image, red points)
and mica (right image, blue points). (Sample production parameters: R = 1, T = 140
.)



Figure 6.5 shows a morphology overview of PC61 BM crystallites formed at
various compositions and annealing temperatures when either glass or mica
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was used as a template. Crystallites were formed on both glass and mica when

 and the ratio PC BM/P3HT (R) exceeded
0.4. However, on glass only at T = 140  and R = 1 small round-like crystallites
temperature (T) exceeded 140

61

were formed. Both at higher temperatures and increased PC61 BM content (R
> 1), whisker-like crystallites were formed, which can result because of a change
in PC61 BM diffusion and/or the growth of a different polymorph [19, 26]. In
contrast, on mica a large range of compositions and temperatures provided
round-like crystallites, namely all samples obtained for T > 140

 and with

R = 1 as well as R = 2.5. At even higher PC61 BM content samples on mica
are even more densely packed with PC61 BM crystallites than for R = 1 and
R = 2.5, however, this is barely visible in the optical microscopy images of
Figure 6.5 and is separately shown by AFM analysis (Figure 6.8).
The insets in Figure 6.5 are enlargements showing the typical crystallite
shape, as observed on mica, which becomes more hexagonal with increasing
annealing temperature. This is probably related to an increased surface mobility
of PCBM at the growing crystallite at higher temperatures. Rather than random
addition of growth units at the location where they arrive, increased surface
mobility allows for incorporation at sites that provide a lower surface free energy
and hence more pronounced faceted crystallites are formed.

6.3.2

Temperature dependence

For the formation of PC61 BM agglomerates, a temperature threshold of 140

 was observed for all compositions (see Figure 6.5) regardless of the growth

template, which is in line with the threshold found by Kim et al [27]. At lower
temperatures (110

 ), supersaturation is higher, but PC

61 BM

diffusion is

slower and as a result any crystallites formed are too small to be observed by
optical microscopy. Most probably, the limited mobility at low temperatures
is related to the high glass transition temperature of PC61 BM [25, 28] and
of PC61 BM:P3HT blends [29, 30]. A sharp transition in PC61 BM and P3HT
diffusion, attributed to changes in the polymer chain mobility, is expected
when going up in temperature beyond 130

 [31].

Indeed, at T = 140



, there is sufficient diffusion for nucleation to take place and microscopic
PC61 BM crystallites formation on both glass and mica is observed in this
work (Figures 6.5 and 6.6). For even higher annealing temperatures (≥170
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Figure 6.5: Optical microscopy overview of the active layer morphology on glass and
mica obtained with different PC61 BM:P3HT ratios at various annealing temperatures.
The insets on the mica overview in the 2.5:1 row represent a magnification of the
typically observed crystallite shape.
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), whisker-like structures were obtained on glass substrates indicating that
diffusion dominates over nucleation [32] while the particle density remains
similar. In contrast, on mica, where because of the PC61 BM-mica interaction
heterogeneous nucleation dominates, extensive growth is suppressed and small
crystallites are formed in large numbers. Whiskers only form on mica at T =
250

, where increased diffusion also seems to dominate over the enhanced

nucleation of the mica template.
Figure 6.6 shows the average diameter and particle density of the PC61 BM
crystallites formed on mica as a function of annealing temperature for samples
produced with R = 2.5 and R = 1 blends. Generally, the particle density decrease
with increasing temperature can be explained by the lower supersaturation of
PC61 BM at higher annealing temperatures. This causes the critical nucleus
radius and the nucleation barrier to be larger and thus for PC61 BM to nucleate
less readily. Between T = 140

 and 170 , there seems to be a balance between

supersaturation and diffusion, since roughly the same number of crystallites,
with equal sizes, form at both temperatures. This indicates, that at T = 140
diffusion is still a limiting factor and at T = 170

,

 the lower supersaturation

is balanced by the increased diffusion rate. A similar balance between diffusion
and supersaturation was found to exist for a blend of PC61 BM and a thiophenequinoxaline polymer [25], and it is this balance that provides us the relative
small and abundant crystallites at both 140
R = 1 and T = 250

 and 170 . Samples made at

 did not result in measurable crystallites rather large

particles (see Figure 6.5).
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Figure 6.6: Average particle diameter and particle density of PC61 BM crystallites as
function of annealing temperature for samples produced on mica (R = 2.5 and 1).
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Figure 6.7: Average particle diameter and particle density of PC61 BM crystallites
during annealing as function of time for samples produced on mica (T = 140 ). Error
bars indicate standard deviation. Between 5 and 15 min the error bars are identical to
that at 5 min and are left out to increase visibility.



Figure 6.7 shows the time dependent average diameter and particle density
during annealing at T = 140

 for samples produced on mica. The fact that the

particle density remains constant at about 0.4 particles/µm2 after 4 minutes,
indicates that the particles do not cluster upon prolonged growth. Therefore,
the measured particle density actually represents the nucleation density of
the PCBM crystallites on the mica growth template. Additionally, Figure 6.7
clarifies that the crystallites do not cluster, because their growth abruptly stops
at an average diameter of about 1.5 µm shortly after the nucleation density
reaches its highest level. The abrupt halt of crystal growth might be explained
by the fact that the area around the crystal nuclei becomes depleted from
PCBM, allowing easy clustering of P3HT which in turn further hampers the
diffusion of PCBM towards the crystallites.

6.3.3

Blend composition

Samples produced from blends with R < 0.4 showed no PC61 BM crystallites,
regardless of the substrate type or annealing temperature. For samples produced
on glass from a blend with R > 1 large PC61 BM whiskers with lengths of
hundreds of micrometres were observed for all annealing temperatures above
110

. On mica however, small round-like structures were formed from the R

= 2.5 blend, while for R = 5 whiskers were only formed when the annealing
temperature exceeded 200

. Below this temperature very densely packed
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5 um

Figure 6.8: AFM image showing the morphology of an active layer on mica obtained
from a R = 5 blend (T = 140 ).



round-like structures were formed. These were in fact nearly unobservable with
optical microscopy, but could be easily visualized using AFM (see Figure 6.8).
Figure 6.9 shows the average particle diameter and particle density of
PC61 BM crystallites, as a function of the PC61 BM over P3HT ratio (R), for
samples produced on mica. In general, the particle density increases with
increasing R since nucleation is dependent on the PC61 BM supersaturation.
However, going from R = 1 to R = 2.5, the differences in particle density
and average crystal diameter are small and insignificant compared to the
random variations and inhomogeneities over the sample surface (indicated
with error bars in Figure 6.9). The higher PC61 BM content, of the R = 2.5
blend, apparently does not provide significantly more nucleation sites or smaller
crystallites. Further increase of the PC61 BM content however, increases the
particle density by an order of magnitude and decreases average crystal diameter
by approximately a factor 2.
The fact that the size and shape of the crystallites shown in Figure 6.8 vary
to a large extent, indicates that in the deposits produced from a blend with
R=5, the individual PCBM nuclei easily form clusters. This in sharp contrast
to the nucleation and growth mechanism of crystallites from blends with R =1
(and in fact also for R=2.5) as described in Section 6.3.2.
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Figure 6.9: Average particle diameter and particle density of PCBM crystallites as
function of the PC61 BM over P3HT ratio (R) in the blend for samples produced on
mica (T = 140 ).



6.3.4

Polymer properties

Crystallisation of PC61 BM from a blend is, next to the blend composition and
annealing temperature, also largely influenced by the properties of the polymer
component (P3HT) in the blend [20]. The chain length of the polymer influences
the blends viscosity and therefore the PC61 BM diffusion rate, as well as the
solvent evaporation rate. The latter, in combination with the polymer chain
length, polymer regioregularity and other polymeric properties, determines the
polymer’s crystallinity, which also influences PC61 BM diffusion through the
polymer matrix. Crystallisation of P3HT is known to start already prior to
thermal annealing [8, 33, 34] and is significantly increased during annealing
[35, 36]. Consequently, it influences PC61 BM crystallisation which, as shown in
Figure 6.7, for the conditions applied in the present study, crystallizes within
the first six minutes of annealing.
Figure 6.10 shows the average particle diameter and particle density of
PC61 BM crystallites in samples on glass and mica obtained from blends containing P3HT of different molecular weights. On a glass substrate, nucleation
increased slightly with increasing molecular weight, and the average crystallite
diameter stays roughly constant. On mica, for the highest and lowest molecular
weights, the influence of the nucleation enhancing effect of the mica template
seems limited, since the average diameter and particle density were similar to
those on glass. However, the enhancement becomes more pronounced at an
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intermediate P3HT molecular weight, where the particle density is raised by at
least a factor 10, compared to samples produced on glass. A minimum average
diameter and maximum particle density is observed for samples with P3HT
of MPw 3HT = 69 kg·mol−1 . Overall, when increasing the molecular weight, for
samples on mica, the PC61 BM-P3HT interaction parameter increases, leading
to a decreased miscibility between the two components. This promotes the
aggregation of PC61 BM [37] up to a MPw 3HT = 69 kg·mol−1 threshold. Beyond this threshold however, the increased blend viscosity apparently hampers
PC61 BM diffusion and subsequently nucleation.
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Figure 6.10: Average particle diameter and particle density of PC61 BM crystallites as
a function of P3HT molecular weight used in the blend for samples produced on glass
and mica substrates (R = 1, T = 140 ).



6.3.5

Transfer

Active layers produced from a standard blend (R = 1, T = 140

) on mica

were transferred to ZnO-coated ITO patterned glass substrates using water
transfer. It was found that the strong interaction of water with a cleaved
mica surface results in an easy float-off of the active layer when the coated
mica substrate is submerged in nano-pure water. Active layers down to 50
nm thick floated on the water and could subsequently be picked up with the
ZnO-coated ITO/glass substrate Initial manual manipulation of the substrate
during transfer frequently resulted in ripping and folding of the active layer.
This could be prevented by small improvements in the set-up. In the improved
set-up shown in Figure 6.11 the position of both substrates are fixed by clamps
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while the water bath with lateral dimensions slightly larger that the substrates
was gradually moved upwards with a precision controlled lab-jack (Figure 6.11).
After transfer, residual water was removed by drying at 90

 on a hotplate

in air. Figure 6.11 shows an optical microscopy image of a transferred active
layer, indicating a similar structure as typically observed before transfer.
a.

b.

10 µm
Figure 6.11: Active layer transfer from a mica growth template to a ZnO-coated ITOglass substrate showing a) the transfer set-up with two clamps for holding both substrates
and a nano-pure water bath which can be moved upwards in a precisely controlled way
and b) an optical microscopy image of a transferred active layer.

6.3.6

Device performance

As a proof of concept, an active layer spin coated (and annealed) on mica was
transferred to a ZnO-coated ITO substrate and fabricated to an inverted solar
cell. Figure 6.12 shows IV characteristics, external quantum efficiency (EQE)
curves and the device architecture of the transferred inverted solar cell and
a conventional inverted solar cell. The latter was produced directly on the
ZnO coating, with identical preparation parameters and annealing conditions
as the first, and reached an efficiency of 1.8%. The transferred cell outperforms
the conventional cell mainly because of a 22 % higher short-circuit current
(as is also shown by the EQE measurements) leading to a PCE of 2.1%. The
open-circuit voltages, which depend in the first place on the choice of materials,
are nearly identical for both cells. Both cells show fill factors of above 55%,
indicating that indeed, soundly operating solar cells were prepared. The lower
FF of the transferred cell is associated with a lower parallel resistance of the
cell, as can be deduced from the inclination of the IV curves with the current
density axis in Figure 6.12.
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Laser beam induced current (LBIC) was used to identify the spatial dis-

tribution of the generated current in the produced solar cells. Figure 6.13a
shows the current map of a 200×200 µm2 part of the transferred inverted
solar cell for which the IV and QE characteristics are shown in Figure 6.12.
The LBIC image can be compared to the reflection image of the device (Figure 6.13b). The latter was simultaneously measured with the current map
and indicates the direct reflection from the surface (which is observed as a
current measured with a photodiode). However, in Figure 6.13 it is difficult
to make a clear conclusion about the generated current density in relation to
the location of the crystallites since the LBIC resolution (of 1 µm) does not
allow a sufficiently detailed observation of features in our crystallites size range.
Therefore, a dedicated for LBIC measurement transferred inverted solar cell
was fabricated using a higher concentration blend (40 mg ml−1 instead of 20
mg ml−1 ) and P3HT (Mw = 31 kg.mol−1 , Rieke Materials), which allows for
low density growth of large crystallites (see Figure 6.10). As anticipated the
active layer of this cell showed significant larger PC61 BM crystallites yielding
an easy distinguishable signature in the LBIC map (see Figure 6.14a). As
expected a locally reduced current generation is observed at the location of
the crystallites because PC61 BM does not absorb light. On the other hand a
distinct circular area (current-ring) of enhanced current density is observed
around the PC61 BM crystallites. The enhanced current generation takes place
despite the fact that the same areas also reflect more light as is clear from the
simultaneously recorded reflection image in Figure 6.14b. Based on the 10-20
nm exciton diffusion length in bulk heterojunction solar cells [38] an enhanced
current density might be anticipated in an area around the PC61 BM crystallites.
However, for the transferred controlled morphology cell shown in Figure 6.14
this area of enhanced current density has a width as large as 10 µm around the
crystallites indicating other processes are contributing to the observed result.
It is important to note here that our LBIC resolution is 1 µm and the observed
rings exceed this resolution, meaning they are not artefacts resulting from our
measurement set-up. Also, Figure 6.14 shows that, in general, smaller PC61 BM
crystallites have more enhancement in current density (intenser rings) compared
to the larger crystallites.
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Figure 6.12: Current-voltage characteristic (a) and external quantum efficiency (b) of
a transferred (CHJ) inverted solar cell and a conventional (BHJ) inverted solar cell
both with shown layer structure. Active layer production parameters for both cells: R =
1 , T = 140 .
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6.4
6.4.1

Discussion
Heterogeneous nucleation

Li et al. [19] attributed the preferred nucleation and crystallisation of PC61 BM
on the cleaved surface of (001) Muscovite mica to the existence of an epitaxial
relation. The cleaved 001 surface of mica consists of hexagonally oriented
oxygen atoms, which are spaced 4.6 Å apart, meaning that the smallest hexagon
that can be distinguished has a diameter of 9.2 Å (see Figure 6.15). Since a
Buckminsterfullerene molecule has similar dimensions, the PC61 BM molecule
might indeed form a growth nucleus with a preferred orientation with respect
to the hexagon of oxygen atoms at the mica surface. So far however, the exact
lattice structure of PC61 BM on mica has not been resolved [39–42], Based
on the nucleus to nucleus diameter of 7.1 Å for a C60 in PC61 BM, Li et al.
[19] and Zheng et al. [20] proposed that PC61 BM on (001) mica nucleates
in an a-distorted cubic structure (Figure 6.15a) [27]. For systems with high
PCBM concentration, twinning of this cubic structure was suggested to result
in pentagonal shaped crystallites. However, it is common practise to use the
Van Der Waals diameter to describe crystallisation of organic molecules on
substrates [43, 44]. Based on the 10.2 Å Van Der Waals diameter of a C60 in
PC61 BM we found that a hexagonal structure as shown in Figure 6.15b would
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be a more probable configuration for the epitaxial relation between PC61 BM an
mica. This structure agrees well with the observations of macro-scale hexagonal
shaped PC61 BM crystallites (see Figure 6.5). Furthermore, TEM analysis
performed on the layers produced in this study (see Figure 6.16) shows a
diffraction pattern that also indicates hexagonal rather than cubic packing of
the PC61 BM crystallites.

Figure 6.15: Schematic representation of the (001)-plane of Muscovite mica showing
hexagonal symmetry of the surface oxygen-atoms. The relation between PC61 BM
(funtionalisation not shown for clarity reasons) and the mica template is shown for two
cases. The a-distorted cubic lattice (a) proposed by Li et al. [19] using the nucleus-tonucleus diameter (7.1 Å) for the Buckminsterfullerene in PC61 BM, and the hexagonal
structure (b) proposed in the current study in which the Van Der Waals diameter (10.2
Å) for the Buckminsterfullerene is considered. Lattice parameters are shown in red and
the dimensions of a single hexagon are indicated.

6.4.2

LBIC results

For the LBIC analysis, it is important to note that in this study we simultaneously measure cell current and observe reflection from the bottom side of
the PC61 BM crystallites. The schematic model of the area around a PC61 BM
crystallite as shown in Figure 6.17 will be used to interpret our observations
as shown in Figure 6.14. In the images of Figure 6.14 (in particular the reflection image) areas with three clearly different intensities can be distinguished.
For convenience we will refer to these areas as white, grey and black and as
such they are also represented in the schematic LBIC and reflection images
at the top part of Figure 6.17. Based on the relative distance with respect to
the PC61 BM crystallite a location in the active layer is referred to as general
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Figure 6.16: Transmission Electron Microscopy image (a) and diffraction pattern (b)
of a single PC61 BM crystal (R = 1, T = 140 ). For TEM sample preparation the
layer was transferred from mica to a TEM mesh grid.



medium, depletion zone, crystallite edge and crystallite centre. In Figure 6.17
these areas are indicated by respectively A, B, C and D.
In LBIC, an intermediate signal level (grey) is obtained from the general
medium. This part simply functions like a mixed bulk heterojunction cell. The
depletion zone (white) yields a higher current density than the general medium.
Related to the formation of the crystallite, this zone is expected to be depleted
from PC61 BM as was also suggested by the growth mechanism deduced from
Figure 6.7 as described at the end of Section 6.3.2. This depletion results in
an locally thinner layer [45–48] with an enhanced crystalline nature of P3HT
(indicated by the yellow area in Figure 6.17). Apparently this results in higher
current generation than obtained in the general medium. Finally, the crystal
center (black) contributes least to the LBIC signal since PC61 BM absorbs
little light resulting in a minimal current generation in this area. It should be
noted that a fraction of the light entering at the bottom side of a PC61 BM
crystallite ultimately can be reflected towards another part of the active layer
structure (see Figure 6.17). There, it still can be absorbed and contribute to
the current generation of the cell which explains that the LBIC signal at the
centre of a PC61 BM crystallite is low but not zero. In reflection the general
medium area (gray) shows intermediate reflection. Related to the low PC61 BM
content, the depletion zone has an enhanced P3HT crystallinity and shows an
enhanced reflection (white). Both the crystal edge and center areas hardly
show any reflection (black) since the surface of the PC61 BM crystallite (the
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part connected to the top electrode) does not reflect light in a direct manner.

6.4.3

Power conversion efficiency

The 1.8% solar cell efficiency for the inverted conventional cell reported in the
present study is significantly lower than the current standard for this particular
materials combination which, for a regular cell configuration, holds an efficiency
record of 6.8% [49]. The fact that our inverted conventional cell under-performs
compared to this record is related to our non-optimal processing facility (see
Section 6.2.2) and the fact that we have used commercially available P3HT
rather than, purified dedicated for OPV cell production, material. Taking
this into account the 2.1% transferred inverted cell reported in the current
study actually is rather good compared to the best transferred regular cell
with an efficiency of 2.23% reported by Li et al. [11], in particular since the
process steps we applied for the production of the transferred cell has not been
elaborated yet. Further optimization of the transfer process (e.g. substrate
pre-treatment, annealing temperature and duration) and, more importantly,
optimization of the controlled active layer morphology (e.g. by tuning the
anneal time to produce a layer with small homogeneously sized and distributed
crystallites) may result in further improvements in cell performance. If the
crystallite dimensions can be brought down to the desired length scale for
exciton diffusion (i.e. near 20 nm) and a photo active acceptor (like PC71 BM
or similar) is used, PCEs of present-day PC61 BM:P3HT cells might be matched
or even surpassed.
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Figure 6.17: Schematic representation of a PC61 BM crystallite in the active layer
of an CHJ cell structure in cross-section (bottom part) along the stripe-dot line and
the resulting LBIC (top, left hand side) as observed from above. The arrows in the
cross-section represent the incident light that is partly reflected resulting in the reflection
image on the upper right hand side and partly absorbed in the active layer (indicated
by the asterisks) eventually invoking a local current density distribution shown as
visualized by the LBIC image on the upper left hand side. Relative to the position of
the PC61 BM particle, different zones are identified: general medium (A), depletion
zone (B), crystallite edge (C) and crystallite centre (D). The influence of the PC61 BM
crystallite on the local layer thickness is also indicated.
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Conclusion

In this study we used a dedicated growth template to study the controlled
formation of the active layer structure for OPV cells. For this purpose (001)
Muscovite mica was applied to produce fullerene thiophene-polymer active
layer structures by spin-coating of a PC61 BM:P3HT solution and subsequent
annealing. The morphology of the thus obtained PC61 BM crystallites were found
to depend strongly on the PC61 BM/P3HT ratio of the blend and the anneal
temperature. The parameter range for which layers with high surface density
of (sub)micrometer sized crystallites could be produced was demonstrated to
be significantly larger for mica than for other substrates.
The preferred nucleation on mica is attributed to the existence of an epitaxial
relation between the mica surface and PC61 BM. Related to the 10.2 Å Van
Der Waals diameter it was shown that PC61 BM is expected to crystallize in a
hexagonal structure on the (001) mica template rather than in a a-distorted
cubic structure as was previously reported in literature. The occurrence of the
hexagonal lattice was confirmed by the microscopic identification of hexagonally
shaped PC61 BM crystallites and TEM diffraction analysis.
We successfully developed a float-off procedure in water to transfer the
active layers from the non-conductive mica growth template to a ZnO coated
ITO-glass substrate. Subsequent device processing resulted in a transferred
inverted solar cell with a power conversion efficiency of 2.1%. Mainly because of
a 22% higher short-circuit current density, the transferred cell outperforms its
conventional counterpart (efficiency 1.8%) for which the active layer structure
was directly produced on the ZnO coated ITO-glass substrate.
An experimental set-up that allows for simultaneous laser beam induced
current (LBIC) and surface reflection analysis was developed and applied
to investigate the spatial performance of the inverted cell. This revealed
that the increased current densities originate from circular areas around the
PC61 BM crystallites. The observed LBIC signature and reflection image could
be explained by a model based on the assumption that the active layer directly
around the PC61 BM crystallites is depleted from PC61 BM. This yields a locally
thinner layer thickness in which the P3HT is allowed to become more crystalline
in nature as well. In turn this increasingly hampers further diffusion of PC61 BM
towards the growing PC61 BM crystallite. The occurrence of this mechanism also
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explains the abrupt halt in crystal growth as observed in the time evaluation of
PC61 BM particle formation upon annealing.
The decoupling of growth, subsequent device production and operation has
shown to be a viable route to produce (organic) solar cells with an enhanced
efficiency. The fact that even in this early stage of research a power conversion
efficiency improvement could be obtained opens ample opportunities for further
investigations in this direction, but more importantly it demonstrates that the
transferred PV concept is not only useful for III-V solar cells but is of a more
generic nature.
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Chapter 7

Summary and outlook
Transferred photovoltaics refers to the concept in which a photovoltaic active
layer structure is formed on a dedicated template that facilitates optimal
conditions during its production and is subsequently transferred to a carrier
with properties better suited for the optimal application of the solar cell. The use
of this concept has successfully been demonstrated for III-V solar cells. In order
to reach high efficiencies the active III-V cell structures are generally produced
on lattice matched GaAs or Ge semi-conductor wafers which are of no further
use during operation of the cells. In the current fabrication scheme, however,
the active thin-film structures including the passive substrates are processed
together into rigid wafer-based solar cells. Utilising an Epitaxial Lift-Off (ELO)
technique it was demonstrated that the thin-film III-V structures can be released
from their original growth templates and be transferred to different foreign
carriers like a flexible metal foil or glass while the expensive semiconductor
wafers can be reused for growth of the next thin-film cell structures. This thesis
is a study towards new applications of III-V solar cell that came accessible by
transfer to specific carriers and the possibility to utilise the transferred PV
concept for organic solar cells.

7.1

Transferred PV for space applications

III-V solar cells transferred to a flexible metal foil have a huge potential for
spacecraft applications because they are light-weight and do not require a rigid
support as is currently used for their wafer-based counter parts. This allows
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for new deployment options, which severely reduces the mass and thus launch
costs of a satellite. One requirement for the implementation of the transferred
cells in the next generation light-weight, space solar panel is the replacement of
the brittle CMX cover glass which shields the solar cells from the harsh space
environment, by a flexible alternative. In Chapter 3 the potential weight reduction for future space solar panels is elaborated and based on the requirements
for the necessary shielding layer the application of commercially available polyimides and synthesized polysiloxanes are compared with respect to their ease
of synthesis, transparency and flexibility. This experimental materials study
included polyimide-POSS (PI-POSS), tetraethoxysilane-polydimethoxysilane
(TEOS-PDMS) and methoxyl-based-siloxane (MBS).
Judged from a simple bending test, layers from all investigated materials
showed more than sufficient flexibility for implementation in the next generation
light weight space solar panel (bending radius below 3 cm). PI-POSS, however,
was excluded from further investigations because films from this material
showed insufficient transmission, which in application would result in a large
photocurrent loss compared to the CMX glass. On the other hand for a wide
range of compositions the best TEOS-PDMS and all MBS films showed a
significant better transparency than the CMX glass benchmark (similar maxima
but transmission cut-off wavelengths between 200 and 275 nm rather than 350
nm). Yet, the solvents required to avoid phase separation during synthesis
of the TEOS-PDMS materials give rise to a large volume contraction which
made it virtually impossible to cast adhering films of reproducible thickness
and transparency on any type of substrate. Samples produced in a single batch
under the same process conditions showed a transparency ranging from highly
transparent to translucent and even fully opaque white films. In contrast casting
of MBS films of the required 300 µm thickness, transparency and flexibility
could be controlled very well. All freestanding MBS films are almost fully
transparent in the investigated 200 to 1250 nm wavelength range and have a
bend radius of 2 cm or smaller which can be tuned by varying the composition
of the precursors (with regard to the number of reactable side-groups) during
synthesis. After sufficient curing MBS also showed little to no loss of volatile
product in vacuum stability tests, which is an important requirement for any
material to be applied in outer space.
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Further investigations demonstrated that cerium (used to increase radiation
hardness in CMX glass) can be effectively incorporated during MBS synthesis
without influencing the flexibility of the films. Transmission measurements
of the extendedly cured Ce doped MBS layers only show a slightly reduced
transparency compared to the CMX reference (corresponding to about 3% loss
in photocurrent) that might be further minimized with an improved curing
procedure. In a cooperation with the European Space Research and Technology
Centre, films of different MBS compositions were exposed to high energy
electrons and UV radiation to investigate their stability in space conditions.
This study, described in Chapter 4, shows that irradiation by 1 MeV electrons
with a fluence of 101 5 electrons/cm2 (corresponding to 15 years in space) has
virtually no effect on the MBS samples and only induces a minor shift in
transmission cut-off wavelengths in the Ce-MBS films. In contrast to this,
UV radiation resulted in a significant shift in the cut-off wavelength that,
dependent on the composition, leads to brown or yellow discolouration and in
many occasions also cracking of the MBS films. Ce-doped MBS films showed
an increased degradation in transparency but limited to a few microns on
the exposed side of the sample whereas undoped MBS degrades uniformly
throughout the sample.

The study clarifies that, in the current stage of development MBS cannot
yet be applied as a protective layer for the next generation light-weight space
solar panels because of its sensitivity to UV exposure. However, based on the
easy to control synthesis of highly transparent, flexible, electron irradiation
resistant Ce-doped MBS layers, that show no loss of volatile products under
vacuum, further research to improve its resistance to UV radiation is highly
recommended. This research should be directed to the incorporation of UV
reflecting or absorbing elements in the upper part of the layer. Provided that
the synthesis can be better controlled than in the present study also the use of
TEOS-PDMS might be re-evaluated as an alternative.
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Transferred PV for semi-transparent applications

Other potential applications of the transferred III-V solar cells are related to
the fact that these cells can be produced as semi-transparent films by the use
of a transparent host carrier like glass. In this way, the low energy photons
that are not used in the cells can be easily utilized in an underlying device
such as a low band gap solar cell or an upconverter system (UCS). The latter
converts two unabsorbed low energy photons into a single high energy photon,
which is redirected back to the solar cell above utilizing a back reflector. In
Chapter 5 of this thesis the application of a transferred semitransparent InGaP
cell in combination with lanthanide upconverter systems is evaluated. The
upconverters consists of Yb3+ /Er3+ ions doped in three different host materials
(Gd2 O2 S , Y2 O3 and NaYF4 ) dispersed in a poly methyl methacrylate (PMMA)
layer. All upconverters show a broad absorption ranging from 900 nm to 1000
nm, and emission around 550 nm and around 660 nm. Since the InGaP
solar cell absorption range does not overlap with the absorption range of the
applied upconverters, an evaluation of the additionally obtained solar cell
PCE from upconverted photons could be made without having to distinguish
between direct photocurrent generation and photocurrent generation after
upconversion. Utilizing a xenon flash lamp and a dedicated filter system the
cell/upconverter combinations were illuminated by short and intense pulses of
broadband light with a wavelength range between 900 nm and 1050 nm. Under
this illumination the sole InGaP cell, with a cut-off wavelength of about 660
nm, does not produce any photocurrent so that in combination with an UCS
only photocurrent resulting from the upconversion was measured. Indicative for
the energy transfer upconversion mechanism a time delay was observed between
the moment that the flash intensity reaches its maximum and the moment that
the solar cell gives the maximum upconverter induced photocurrent. Another
characteristic of this mechanism is the quadratic dependence of the emission
on the absorbed light power, which is valid up to a certain illumination power
density. This quadratic dependence was reflected in the current output of the
Y2 O3 and NaYF4 systems whereas the Gd2 O2 S UCS already showed signs of
saturation. The enhancement of the InGaP solar cell photocurrent resulting
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from upconversion was determined to be about 0.02% under illumination of 46
suns for the Gd2 O2 S UCS and 0.001% under illumination of 36 suns for the
other systems. The study indicated that UCS performance can be improved by
tuning the absorption band (e.g. avoid overlap with the waterholes in the solar
spectrum) and making sure that their emission coincides with the maximum
spectral response of the solar cell. These improvements should span about
three orders of magnitude to be useful for any practical application. Although
this will be difficult to achieve, it was demonstrated that use of a different
host material can already account for a tenfold performance increase. As an
alternative, further research with respect to the application of semi-transparent
transferred III-V solar cells might be directed to mechanically stacked multijunction devices. This configuration has a large potential to reach record cell
efficiencies because each sub-cell can be individually optimized and operated
in its maximum power point without boundary conditions related to lattice or
current matching.

7.3

Transferred PV concept for organic solar cells

The concept to use a dedicated growth template to produce an optimal active
layer structure that subsequently is transferred to another carrier with material
properties required for the optimal application of the solar cell, has been applied
in organic photovoltaics (OPV). Since fullerene:polymer OPV cells are well
known for their efficiency dependence on the active layer morphology, a dedicated
growth template might be helpful to achieve better control over the formation
of the active layer structure. For this purpose the use of Muscovite mica as
a growth template for fullerene thiophene-polymer active layer structures, as
obtained by spin-coating of a PC61 BM:P3HT solution and subsequent annealing,
was investigated.
The morphology of the thus obtained PC61 BM crystallites depends strongly
on the PC61 BM/P3HT ratio of the blend and the anneal temperature. The
parameter range for which layers with the favoured high surface density of
(sub)micrometer sized crystallites could be produced was demonstrated to be
significant larger for mica than for other substrates. The preferred nucleation
on mica is attributed to the existence of an epitaxial relation between the
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mica surface and PC61 BM. Based on the 7.1 Å nucleus to nucleus diameter, it
has been argued in literature that PC61 BM crystallizes in a a-distorted cubic
structure. In Chapter 2 of this thesis an analysis, however, based on the 10.2 Å
Van Der Waals diameter indicates that for PC61 BM a hexagonal rather than a
cubic crystal structure is to be expected. A conclusion that is in line with the
microscopic identification of hexagonally shaped PC61 BM crystallites and the
results of TEM diffraction analysis.
The feasibility of the transferred PV concept for OPV was demonstrated
by using a float-off process in water to transfer the active layers from the
non-conductive mica growth template to a ZnO coated ITO/glass substrate.
Subsequent device processing resulted in a so-called transferred inverted solar
cell with an power conversion efficiency of 2.1%. Mainly because of a 22% higher
short-circuit current density, the transferred cell outperforms its conventional
counterpart (efficiency 1.8%) for which the active layer structure was directly
produced on the ZnO coated ITO/glass substrate. Simultaneous Laser Beam
Induced Current (LBIC) and surface reflection analysis on a transferred inverted
cell, showed a reduced current density at the location of the crystallites, which is
to be expected as the PC61 BM crystallites do not absorb the light. Nonetheless,
despite an enhanced reflection, also a clearly enhanced current density was
observed in a ring shaped area around the crystallites. This LBIC signature
and the simultaneously obtained reflection image could be explained by a model
based on the assumption that the active layer directly around the PC61 BM
crystallites is depleted from PC61 BM. This allows the P3HT to become more
crystalline in nature, and by this increasingly hampers further diffusion of
PC61 BM towards the growing PC61 BM crystallite. The occurrence of this
mechanism also explains the abrupt halt in crystal growth as observed in the
time evaluation of PC61 BM particle formation upon annealing.

7.4

Outlook

A dedicated template is an essential prerequisite to control the formation of
photovoltaic active layer with an optimal internal morphology or structure.
The presence of this template, however, might hinder or even fully obstruct the
further processing or operation of the final device. This problem can be solved
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by transferring the active layer from its growth template to another carrier that
actually provides optimal functionality during operation of the solar cell. This
decoupling of growth, subsequent device production and operation has shown
to be a viable route to produce solar cells with a strongly enhanced efficiency
and added functionality for specific applications.
In this thesis two potential applications for transferred III-V solar cells have
been studied in detail providing directions for further development. In addition
the transferred PV approach was applied to organic solar cells. Even in this
early stage of research this already resulted in an improved internal active
layer structure and consequently enhanced cell performance. This opens ample
opportunities for further research in this direction, but more importantly it
demonstrates that the transferred PV concept is not only useful for III-V solar
cells but is of a more generic nature. It would, for example, be interesting to
test the possibility of transfer for perovskite solar cells, which are also depended
on crystal structure and could be transferred from a dedicated growth template
to a existing solar cell layer (like GaAs or c-Si) to form a hybrid solar cell.
The principle to select a growth template free from conditions dictated by
the later device processing or application, but purely to attain optimal control
over the active layer structure permits one to concentrate on designing an
architecture that allows for the ultimate functionality (quantum efficiency) even
if it is only for a limited wavelength range. These structures can subsequently be
transferred and integrated in a single multi-junction, multi-terminal device. In
this way, the accumulated research efforts on many different materials systems
can be combined to produce hybrid multi-junction solar cells with ultimate
power conversion efficiencies.
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Samenvatting
In dit proefschrift staat het concept van getransfereerde zonnecellen centraal.
De transfereermethode werd succesvol toegepast voor III-V zonnecellen, waarin
de kostbare halfgeleider wafer werd hergebruikt om een de volgende III-V dunnefilm structuur te fabriceren. Met als resultaat hoge rendement zonnecellen en
minder verbruik van het halfgeleider materiaal. In het productieproces van
III-V zonnecellen wordt de actieve laag geproduceerd op een substraat met een
overeenkomstige roosterconstante zoals als GaAs of Ge halfgeleider wafers. Het
groeisubstraat wordt vervolgens meegenomen in de fabricatie van de gehele
cel, terwijl het geen functionaliteit heeft binnen de zonnecel. Gebruikmakende
van de Epitaxiale Lift-Off (ELO) techniek kan de dunne-film III-V structuur
worden gescheiden van de oorspronkelijke wafer en worden getransfereerd naar
een andere drager zoals een flexibel metalen folie of een glazen plaat. Het
groeisubstraat heeft de optimale eigenschappen voor de productie van de laag
zonder dat er rekening gehouden hoeft de worden met de eigenschappen voor
het optimaal functioneren van de zonnecel. Dit proefschrift bevat een studie
naar nieuwe applicaties voor III-V zonnecellen gemaakt met behulp van de ELOtechniek. Namelijk getransfereerde PV systemen voor ruimtevaart applicaties
en getransfereerde PV voor semi-transparante applicaties. Verder wordt de
mogelijkheid beschreven om een vergelijkbare transfereermethode toe te passen
op organische zonnecellen.

7.4.1

Getransfereerde PV systemen voor ruimtevaart applicaties

Met getransfereerde III-V zonnecellen op een flexibel metalen folie kan in
de ruimtevaart een aanzienlijke kosten- (en materiaal) reductie behaald worden. Dunne-film III-V zonnecellen zijn licht van gewicht en hebben geen rigide
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draagsysteem nodig zoals dat in de huidige systemen wel het geval is. Dit maakt
een nieuw ontwerp van het zonnepaneel mogelijk. In het huidige zonnepaneel
systeem wordt de zonnecel beschermd tegen de condities in de ruimte met een
rigide glazen beschermlaag. Een voorwaarde voor de implementatie van getransfereerde flexibele zonnecellen in de volgende generatie lichtgewicht ruimtevaart
zonnepanelen is het vervangen van deze breekbare glazen beschermlaag met een
flexibel licht alternatief. In Hoofdstuk 3 wordt de potentile gewichtsreductie
voor ruimtevaart zonnepanelen beschreven. Op basis van de vereiste eigenschappen voor optimale bescherming in de ruimte, wordt de mogelijke toepassing
van commercieel verkrijgbare polyimides en gesynthetiseerde polysiloxanen
beschreven en onderling vergeleken met betrekking tot het gemak van synthese,
transparantie en flexibiliteit. Deze experimentele materiaal studie betreft de
materialen polyimide-POSS (PI-POSS), tetraethoxysilane-polydimethoxysilane
(TEOS-PDMS) en methoxyl-based-siloxane (MBS).
Gebaseerd op simpele buigtesten kan worden geconcludeerd dat alle onderzochte materialen meer dan voldoende flexibiliteit laten zien voor implementatie
in de volgende generatie lichtgewicht ruimtevaart zonnepanelen (buigstraal
van minder dan 3 cm). Het PI-POSS materiaal werd niet verder onderzocht
aangezien de transparantie (doorzichtigheid) van de geproduceerde laagjes, ten
opzichte van het standaard materiaal (CMX), te laag was. Dit zou leiden
tot een grove reductie in fotostroom gegenereerd in de zonnecel waarboven
deze laag zou worden toegepast. Daarentegen, voor een brede variatie aan
composities laten de beste TEOS-PDMS lagen en alle MBS lagen een significant betere transparantie zien ten opzichte van het huidig gebruikte CMX
bescherm glas. Beide materialen hebben een vergelijkbare transmissie maar
verbeterde transmissie cut-off golflengte van 200-275 nm ten opzichte van 350
nm. Echter, de gebruikte oplosmiddelen om fase-scheiding tijdens synthese van
TEOS-PDMS te voorkomen, maken het bijna onmogelijk om reproduceerbare
lagen te fabriceren met voldoende laagdikte en transparantie. In overenkomstige
experimenten onder vergelijkbare condities lieten verschillende lagen TEOSPDMS een variatie aan transparatie zien van bijna volledig transparant tot
matig doorzicht en zelfs volledig matwit. In tegenstelling hierop waren MBS
lagen met de benodigde dikte van 300 um, transparant, flexibel en konden ze
gecontroleerd geproduceerd worden. Alle losstaande MBS lagen waren volledig
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transparant in het onderzochte golflengte gebied van 200 tot 1250 nm en hadden
een buigstraal van 2 cm of kleiner. De flexibiliteit kon afgestemd worden door
tijdens de synthese te variren met de verhouding van de grondstoffen (met
in acht name van het aantal chemisch actieve zijgroepen). Nadat het MBS
materiaal voldoende is getemperd, laat het weinig tot geen verlies van gasvormig
materiaal zien tijdens vacum stabiliteitstesten, een eigenschap die als belangrijk
wordt beschouwd voor elk materiaal wat wordt gebruikt in de ruimtevaart.
Verder onderzoek heeft aangetoond dat Cesium (wat wordt gebruikt om de
stralingshardheid van CMX te vergroten) efficint gencorporeerd kan worden
tijdens de synthese van MBS zonder dat het de flexibiliteit benvloed. Transmissie
metingen van veelvuldig getemperde Ce-gedoteerde MBS lagen laten slechts een
kleine reductie van transparantie zien in vergelijking met de CMX standaard. De
verminderde transparantie zou leiden tot een reductie van 3% in de fotostroom
van de onderliggende zonnecel. Dit verlies kan mogelijk verder worden verlaagd
wanneer men de temperingsprocedure verbeterd. In samenwerking met het
European Space Research and Technology Centre zijn lagen van verschillende
verhouding MBS blootgesteld aan hoge energie elektronen en aan UV straling
om de stabiliteit van MBS in ruimtevaart condities te onderzoeken. Deze studie
wordt beschreven in Hoofdstuk 4 en heeft twee belangrijke resultaten. Ten
eerste is aangetoond dat een instraling van 1 MeV aan elektronen met een
dichtheid van 1015 elektronen/cm2 (overeenkomende met 15 jaar ruimtevaart
condities) geen effect heeft op de MBS lagen en slechts een kleine verandering in
de transmissie cut-off golflengte van Ce-MBS lagen teweeg brengt. En tweede
is geobserveerd dat UV straling leidt tot een significante verandering in de
transmissie cut-off golflengte (afhankelijk van de samenstelling van MBS). Dit
resulteerde in bruine en geel gekleurde MBS lagen, die in enkele gevallen ook
scheuren bevatten. Ook Ce-gedoteerde MBS lagen laten een grote verlaging
van transparantie zien, echter deze blijft gelimiteerd tot enkele micrometers
aan de blootgestelde kant van de lagen in tegenstelling tot ongedoteerde MBS
lagen waar degradatie uniform over de laag plaatsvindt.
De studie heeft duidelijk gemaakt dat in de huidige ontwikkeling MBS
nog niet toegepast kan worden als flexibele bescherm laag voor de volgende
generatie lichtgewicht zonnepanelen in de ruimtevaart als gevolg van de hoge
sensitiviteit van MBS voor UV straling. Echter, gebaseerd op het gemak van
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de synthese van de zeer transparante, flexibele, Ce-gedoteerde MBS lagen, die
elektronenstralingshart zijn en geen uitgassing van materiaal onder vacum laat
zien, kan geconcludeerd worden dat verder onderzoek om de weerstand van dit
materiaal tegen UV straling te vergroten sterk aan te raden is. Dit onderzoek
zou zich kunnen richten op de incorporatie van UV reflecterende of absorberende
elementen in het bovenste gedeelte van de beschermlaag. Mocht de synthese
van TEOS-PDMS beter gecontroleerd worden dan aangetoond in de huidige
studie, zou ook dit materiaal serieus worden overwogen als beschermlaag voor
zonnecellen in ruimtevaart toepassingen.

7.4.2

Getransfereerde PV voor semi-transparante applicaties

Een andere mogelijke toepassing van getransfereerde III-V zonnecellen is gerelateerd aan het feit dat deze zonnecellen semi-transparant zijn wanneer ze
getransfereerd zijn naar een transparante drager zoals glas. Op deze manier
kunnen fotonen met lage energie, die normaliter niet omgezet worden in de
zonnecel, worden gebruikt in een onderliggende laag zoals een andere zonnecel
met een lagere bandafstand, of een upconverter systeem (UCS). In een UCS
worden twee fotonen met lage energie omgezet in n foton met hogere energie,
en kan een hoger rendement worden behaald.
In Hoofdstuk 5 van dit proefschrift wordt de toepassing van een getransfereerde semi-transparante InGaP zonnecel in combinatie met een lanthanide
UCS gevalueerd. De gebruikte upconverters bestaan uit Yb3+ /Er3+ ionen
gedoteerd in drie verschillende drager materialen (Gd2 O2 S, Y2 O3 en NaYF4 )
en gedispenseerd in een poly-methyl-methacrylaat (PMMA) laag. Alle UCS’en
laten een brede absorptie zien tussen de 900 en 1000 nm en emissies rond de
550 nm en 660 nm. Aangezien het absorptie bereik van de InGaP zonnecel
geen overlap heeft met het absorptie bereik van de upconverters, is het mogelijk
het additioneel verkregen zonnecelvermogen door up-geconverteerde fotonen te
bepalen zonder een onderscheid te hoeven maken tussen directe fotostroom generatie en fotostroom generatie na upconversie. Gebruikmakende van een Xenon
flitslamp en een specifiek filter systeem worden de zonnecel/UCS combinaties
gellumineerd met korte intense pulsen licht met een brede golflengte verdeling
tussen de 900 en 1050 nm. Bij deze instraling functioneert de InGaP zonnecel,
met een bandafstand golflengte van 660 nm, op zichzelf niet. Hierdoor kan de
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fotostroom gegenereerd in de zonnecel als gevolg van de UCS worden gemeten.
De UCS’en gebruikt in deze studie opereren volgens het energie transfereer
upconversie principe waarbij een vertraging wordt geobserveerd tussen het
piek instralingsmoment van de gebruikte flitslamp en het moment dat de UCS
maximale fotostroom genereert in de zonnecel. Een andere, tevens geobserveerde,
karakteristiek is de kwadratische afhankelijkheid van de, door upconversie,
gegenereerde fotostroom in de zonnecel van het vermogen van instraling. Deze
afhankelijkheid wordt gemeten tot een bepaalde hoogte van instralingsvermogen
waarna verzadiging optreedt. Verzadiging is geobserveerd voor de Gd2 O2 S UCS,
maar is echter niet gevonden voor de Y2 O3 en NaYF4 UCS’en. De verhoging
van de fotostroom in de InGaP zonnecel resulterende uit upconversie is bepaald
op 0.02% onder 46 maal relatieve zon concentratie voor de Gd2 O2 S UCS en
0.001% onder 36 maal relatieve zon concentratie voor de andere UCS’en.
De huidige studie laat zien dat de prestaties van upconverters vergroot kan
worden door het juist afstemmen van het absorptie en emissie. Bijvoorbeeld door
absorptieoverlap met de bekende waterabsorptie banden in het zonnespectrum
te voorkomen en door de emissie te laten overlappen met de maximale spectrale
afhankelijkheid van de zonnecel. Deze verbeteringen moeten nog drie orde
grote aan vergroting van de fotostroom teweeg brengen voordat praktische
applicatie van upconverters mogelijk is. Ondanks dat het lastig kan worden
deze verbeteringen te bereiken heeft de huidige studie al aangetoond dat met
een verandering in het drager materiaal al een tienvoudige vergroting van de
prestatie kan worden bereikt. Als alternatief zou toekomstig onderzoek naar
semi-transparante getransfereerde III-V zonnecellen zich kunnen richten op
mechanisch stapelen voor multilaagszonnecel systemen. Deze configuraties
hebben een hoog potentieel om record rendementen te behalen, aangezien elke
sub-cel individueel geoptimaliseerd kan worden om in zijn maximale prestatie
punt te werken zonder rekening te hoeven houden met zaken als roosterconstante
of de effecten van serie schakeling.

7.4.3

Het getransfereerde PV concept voor organische zonnecellen.

De transfereermethode wordt reeds 25 jaar toegepast voor III V zonnecellen.
Voor dit proefschrift is er ook onderzoek gedaan naar de mogelijkheden die de
191

192

Samenvatting

methode biedt voor organische zonnecellen. Aangezien fullereen:polymeer OPV
cellen bekend staan om hun rendementafhankelijkheid van de morfologie van
de actieve laag, kan een doelgerichte groei-template een belangrijk hulpmiddel
zijn voor betere controle over de formatie van de actieve laagstructuur. Voor
dit doeleinde is onderzoek gedaan naar het gebruik van Moskoviet mica als
groei-template voor fullereen thiopheen-polymeer actieve laagstructuren, verkregen door het spin-coaten en opeenvolgend temperen van een PC61 BM:P3HT
oplossing.
De morfologie van de verkregen PC61BM kristallen bleek sterk afhankelijk
van de PC61 BM/P3HT verhouding van het mengsel en de gebruikte temperingstemperatuur. Het parameter bereik waarbinnen lagen werden verkregen met
een hoge dichtheid aan (sub)micrometer grote kristallen was aantoonbaar groter
bij het gebruik van mica ten opzichte van elk ander substraat. De voorkeur
van nucleatie op mica wordt toegeschreven aan het bestaan van een epitaxiale
relatie tussen het mica oppervlak en de PC61 BM moleculen. Gebaseerd op
de 7.1 Ånucleus-tot-nucleus diameter van het PC61BM molecuul wordt in de
literatuur geconcludeerd dat PC61BM in een a-vervormde kubische structuur
kristalliseert. Echter, in hoofdstuk 6 van dit proefschrift wordt beargumenteerd
dat op basis van een 10.2 ÅVan Der Waals diameter voor PC61 BM een hexagonale kristallisatie boven een kubische kristallisatie te verwachten is. Deze
conclusie ligt in lijn met de geobserveerde hexagonale PC61BM kristallen, die
zijn geobserveerd met behulp van optische microscopie en met de resultaten
verkregen uit TEM diffractie analyse.
De haalbaarheid van de transfereermethode voor OPV is gedemonstreerd
door een water transfereer techniek te gebruiken om een actieve laag, gegroeid
op niet-geleidbaar mica, te transfereren naar een ZnO gecoate ITO/glasdrager.
Opeenvolgende fabricage van de zogenaamde getransfereerde, genverteerde zonnecel heeft geleidt tot een zonnecel met een rendement van 2.1%. Hiermee
overtreft deze zonnecel zijn equivalente niet-getransfereerde cel (rendement 1.8%)
wat voornamelijk te wijten is aan een 22% hogere kortsluitstroom dichtheid.
De niet-getransfereerde cel is direct geproduceerd op een ZnO gecoate ITO/glas
substraat. Door middel van observaties gedaan met gelijktijdige Laser Beam
Induced Current (LBIC) en oppervlakte reflectie metingen is aangetoond dat de
getransfereerde genverteerde zonnecel een verlaagde foto-omzetting heeft in het
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midden van de PC61 BM kristallen. Dit is geheel volgens verwachting, aangezien
PC61 BM geen absorptie laat zien. Desalniettemin, ondanks een verhoogde oppervlakte reflectie ziet men een duidelijke verhoging van de fotostroomdichtheid
in een ring-vorm rond de kristallen. Dit resultaat van LBIC en gelijktijdig
geobserveerde reflectie kan worden beschreven met een model gebaseerd op
de aanname dat de actieve laag direct rond de PC61 BM kristallen een lage
concentratie PC61 BM bevat door het kristallisatie proces.

7.4.4

Vooruitzicht

Het gebruik van een doelgericht groeisubstraat (template) is essentieel voor
de controle over het vormen van een optimale morfologische structuur van de
actieve laag in een zonnecel. De huidige groei-templates hinderen echter de
functionaliteit van de uiteindelijke zonnecel. Dit probleem kan worden opgelost
door de actieve laag te transfereren van het groei-template naar een andere
drager die de daadwerkelijke functionaliteit optimaliseert. Dit loskoppelen van
het groeien en fabriceren ten opzichte van uiteindelijk functioneren van de
zonnecel heeft geleid tot zonnecellen met een aantoonbaar hoger rendement en
toegevoegde functionaliteit onder specifieke condities.
In dit proefschrift zijn twee toepassingen voor getransfereerde III-V zonnecellen meer in detail beschreven en zijn richtlijnen voor verdere toepassing
gegeven. Daarnaast is de transfereermethode toegepast op organische zonnecellen. Zelfs in het vroege stadium van dit onderzoek is er al een toegevoegde
waarde gevonden in de structuur van de actieve laag in organische zonnecellen
en is er een verhoogd rendement waargenomen. Dit opent de deuren voor vervolgonderzoek in deze richting en laat zien dat de transfereer methode niet alleen
potentie heeft voor III-V zonnecellen maar breder ingezet kan worden. Het zou
daarom interessant kunnen zijn deze methode toe te passen op bijvoorbeeld
perovskiet zonnecellen die ook sterk afhankelijk zijn van hun kristal structuur
en die mogelijk van hun groei-template naar een bestaande zonnecel (zoals
GaAs of c-Si) getransfereerd kunnen worden om een hybride zonnecel te maken.
De mogelijkheid om een groei-template te selecteren, vrij van de eigenschappen voor het verwerken of functioneren van de zonnecel, bereid de toepassingsmogelijkheden van zonnecellen uit. Optimale controle tijdens het groeien
van de actieve laag, zorgt ervoor dat men zich kan concentreren op het verkrij193
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gen van de optimale actieve laag architectuur die maximaal functioneert, zelfs
voor een gelimiteerd golflengte bereik. Deze structuur kan vervolgens worden
getransfereerd naar een enkel-, dubbel- of multilaag-systeem. Op deze manier
kan de geaccumuleerde onderzoeksinzet voor verschillende materialen en systemen worden gecombineerd, om een hybride multilaag-zonnecel systeem met het
ultieme rendement te genereren.
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Vanzelfsprekend was dit proefschrift nooit tot stand gekomen zonder de hulp
van vele collega’s, vrienden en familie, die ik graag bijzonder hartelijk wil
bedanken voor hun vertrouwen, geduld en interesse tijdens dit traject. Ik heb
dit proefschrift opgedragen aan mijn grootvader Gerard Israel, omdat hij altijd
in mij heeft geloofd en omdat opa zo trots was dat er ”eindelijk” weer eens een
ingenieur in de familie kwam. Tijdens dit gehele promotie traject hebben mijn
grootouders intensief meegeleefd en vol interesse mijn verhalen over werk, de
universiteit, collega’s, congressen, maar vooral ook ”mijn baas” gevolgd. Dit
is natuurlijk meteen een mooi bruggetje om mijn begeleider John Schermer in
het bijzonder te bedanken omdat hij het aandurfde mij deze promotieplaats
aan te bieden en mij bijzonder stevige ondersteuning heeft gegeven, vooral bij
het schrijven van publicaties en dit proefschrift. John, zonder jouw bijzondere
oog voor detail en eindeloos geduld was het schrijven van stukken voor mij een
extra uitdaging geweest. We hebben vele iteraties van verschillende stukken
gehad, maar uiteindelijk heeft het wel geleid tot een mooi aantal publicaties
met onze beide namen erop. Daarnaast ben jij natuurlijk de vader van AMS: je
staat altijd klaar voor iedereen, men kan zomaar binnenvallen en je bent bereid
iedereen te helpen en de kans te geven zich te bewijzen. Het runnen van de
afdeling is geen gemakkelijke taak en ik heb bijzonder veel waardering voor de
manier waarop jij het aanpakt.
Tijdens de afgelopen vier jaar en mijn stageperiode ervoor heb ik een
geweldig leuke tijd gehad op de AMS afdeling. Daarvoor wil ik graag alle
collega’s hartelijk bedanken te beginnen met de dames van de afdeling: Ine
Hendriks, dank voor alle hulp, leuke verhalen en voor het helpen organiseren
van de jaarlijkse dagjes uit. Linda ”Dropje?” van Leest, bedankt voor jouw hulp
met het schrijven van publicaties, jouw precisie met taal heeft zeker geholpen.
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Eleni, you were a nice office-mate to have the first few years and I hope you’ll
have a nice time at ASML. Yu-ying, although you were only around for about
a year, I had the best time with you, and I am very happy you accompanied
us to Hamburg, where we had a very nice time. Finally, Natasha ”Clash of
Clans”, although I only had the pleasure of working next to you for a very
short time, I enjoyed it and I wish you the best of luck in the rest of your
PhD. Dan natuurlijk de ”grote” mannen: Gerard ”ff groeie” Bauhuis, dank
voor al je inzichten, fietsfeitjes (en dat je mij je fiets hebt verkocht) en vooral
je algehele visie op onze wereld, die je met de nodige gebaren hebt duidelijk
gemaakt. Ik heb het geluk gehad in mijn laatste jaar eenmaal met jou op
congres te gaan naar Hamburg en daar kijk ik nog met veel plezier op terug.
Paul ”de beer uit Zeeland” Hageman, altijd actief, altijd sportief en niet te
veel flauwekul(letjes). Wil ”Opa” Corbeek, de levensgenieter van de afdeling,
lekker wijntje, lekker kaasje, maar ook met grote snelheid van en naar de uni
fietsen elke dag. Bedank voor al je hulp met opstellingen bouwen, maar vooral
ook gezellig kletsen. Gunter ”De sterkste veganist van het westelijk halfrond”
Bissels, graag wil ik je bedanken dat je in mijn oppositie wil zitten om mij het
vuur aan de schenen te leggen, maar natuurlijk ook omdat je mij al die jaren
scherp hebt weten te te houden over zaken als dierenwelzijn. André ”NSA”
Kaldenhoven, je hebt heel wat geduld moeten opbrengen om mij te helpen met
al mijn ICT problemen, maar gelukkig is dat uiteindelijk wel allemaal gelukt en
ben ik blij heel wat van jou geleerd te hebben. Peter ”Spiek Solar/Dj Mulder”
Mulder, een iets wat kleinere man, maar desalniettemin een belangrijke schakel
binnen AMS. Jij hebt mij geholpen met het bouwen van de gehele setup en
hebt zelfs de moeite genomen om mee te gaan naar Eindhoven om daar de
vaardigheden van OPV te leren. Ik zal DJ Mulder en de gezellige dinertjes bij
Wallys niet snel vergeten en hoop dat we daar in de toekomst nog wat tijd voor
kunnen maken. Thieu de schroefjesmaker Asselbergs, je hebt mij bijzonder
veel geholpen met het upconverter project en je stond altijd klaar voor een
discussie, maar ook voor een grapje. Laat de wereld je niet te veel verharden,
je bent een geweldig technicus, ik ken niemand die zo precies is als jij, succes
met toekomstige schroeven op nano-schaal. Erik ”hoe heet je ook al weer”
Haverkamp, jou bliksembezoeken aan de afdeling gingen altijd gepaard met veel
lachen en zuchten. Gelukkig kon je mij en anderen geweldig helpen en weet je
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alles van zonnecellen maken, meten en kun je een redelijk verkooppraatje geven.
De rondwandeling door Parijs was een perfecte afleiding van een week congres.
Wij gaan elkaar vast nog heel veel zien Erik, als je mijn naam kan onthouden
tenminste.
Een groot deel van het experimentele werk van dit proefschrift is te danken
aan de studenten die ik onder mijn begeleiding mocht nemen. Imma Six, je
hebt het upconverter project geweldig aangepakt en gedreven doorgezet, met
prachtige resultaten tot gevolg. Dit heeft geleidt tot een mooie publicatie,
waar je trots op kan zijn. Peter Betlem, jouw theoretische beschrijving van
organische zonnecellen heeft mij veel inzicht gegeven. Ik ben blij jouw stuk te
hebben kunnen gebruiken als basis voor een deel van deze thesis en ik wens je
veel succes met al je avonturen in IJsland. Yannick Wevers, ondanks dat je
nooit helemaal je stage hebt afgerond onder mijn supervisie, ben ik toch blij
geweest jou in het OPV team te hebben gehad. Dat team bestond verder uit
Sander Lemmens, die op een groot aantal vlakken de publicatie voor lift-off van
OPV (hoofdstuk 6) heeft ondersteund. Sander je ben een mega enthousiaste
jongen die kansen aangrijpt en je altijd goed inzet. Je ben onbevooroordeeld
en hard werkend, daar kan je met recht trots op zijn. Daarnaast ben ik blij
dat je mij hebt vertegenwoordigd op het Amerikaanse PV congres, toen ik het
zelf noodzakelijk vond een bruiloft te geven. Vikram Plomp, jij hebt de lastige
taak gehad OPV cellen te meten met de nieuwe LBIC en het heeft niet mee
gezeten. Desalniettemin heeft het uiteindelijk bijgedragen aan nieuwe inzichten
op OPV morfologie gebied. Imke Okkermans, je hebt hard gewerkt tijdens je
stage en ik ben bij met je inzet en de resultaten die het heeft opgeleverd. Tot
slot, Maarten van Eerden, jij heb je volledig gegeven voor het OPV project
en bent degene waardoor wij een succesvolle lift-off hebben kunnen doen aan
organische lagen. Jouw vaardigheden op zowel het lab als bij het interpreteren
van de resultaten heeft mij versteld doen staan en ik ben zeer dankbaar voor
jouw hulp binnen dit project. Ik ben dan ook extra verheugd dat je hebt
gekozen om je promotie op de AMS afdeling te gaan doen. Ik hoop dat je een
net zo geweldige tijd gaat hebben als ik en dat we je nog vaak mogen horen
gitaar spelen in Dollars of op andere podia. Daarnaast bedank ik natuurlijk alle
andere studenten van de afdeling of mensen die tijdens mijn werkzaamheden
op de afdeling hebben rondgelopen: Corneel, Frank 1, Frank 2, Steven, Ron,
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Juul, Daan, Kiane, Simone, Edwin, Marlous, Mees, Menno, Nathan, Remco,
Ron, Loes en mogelijk nog een paar andere die ik nu vergeet.
Vanzelfsprekend hebben er veel mensen samengewerkt binnen dit project.
Wester de Poel, dankzij jouw ”vrijdagmiddag” experimentje kwamen we op
het idee om transfer te doen aan organische lagen, wat uiteindelijk heeft geleid
tot prachtig werk. Ik vond dat een bijzonder goede samenwerking van ons.
Egle, thank you for making the perfect P3HT and for your assistance in the
beginning of my PhD and also for making me your paranimf which I greatly
enjoyed. Jimmy (Jialiang) thanks for some awesome collaboration and your
always happy and cheerful attitude. Paul ”waterbad” Tinnemans, jij hebt mij
geholpen met het verder uitvogelen van de kristal structuur van PCBM en je
hebt mij genspireerd om mijn ”cooking-skills” sterk te verbeteren. Jessica de
Wild, bedankt voor onze samenwerking op het upconverter project, het heeft
uiteindelijk tot een mooie publicatie geleid. Een speciale dankbetuiging aan
René Janssen van de Technische Universiteit Eindhoven. René, ik moet jou
bedanken voor zo veel zaken: het gebruik van jullie prachtige faciliteiten in
Eindhoven is een heel belangrijke, maar vooral de mogelijkheid voor discussies
over OPV en bovenal ook jouw zeer grondig nakijken van mijn proefschrift, wat
er toe heeft geleid dat hij nu een stuk scherper staat. Vanuit Eindhoven zou ik
verder graag Serkan Esiner bedanken voor de geweldige hulp op het lab. Serkan,
je Nederlands zal ondertussen goed genoeg zijn om dit te lezen, je bent een
geweldig precies persoon, die mij de fijne kneepjes van het cellen maken heeft
bijgebracht. Daarnaast wil ik Martijn Wienk en Koen Hendriks nog bedanken
voor discussies en hulp. Vanuit Nijmegen nog een speciaal dank voor Paul
Kouwer, voor alle hulp met het schrijven van publicaties, het proefschrift en
voor de discussies. Paul, ondanks dat je vaak mega druk was had je altijd tijd
voor mij, zolang ik wel mijn eigen kopje afwas natuurlijk. Dan natuurlijk graag
dank aan mijn promotor Alan Rowan. Alan, we spraken elkaar vaak kort en
intensief maar het was altijd even inspirerend en enthousiast. Het heeft er zeker
voor gezorgd dat ik vol vertrouwen weer aan het werk ging. Jouw vertrek naar
Australie heeft de aard van ons contact nauwelijks benvloed, ik ben blij dat je
mij de vrijheid gegeven hebt het geheel zelf af te ronden. Veel succes met de
Aussies en keep up jouw eeuwige motivatie.
Vanzelfsprekend wil ik ook de leden van mijn manuscript commissie: Elias
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Vlieg, Ruud Schropp en René Janssen bedanken voor hun tijd en moeite
rondom het nakijken van dit proefschrift. Naast veel inhoudelijk werk heb ik
tijdens de promotie ook kunnen genieten van zijprojecten. Daarbij stond mijn
samenwerking met Ed Koster en Marielle Langereis voorop. Beiden ook dank
voor deze leuke afleiding van andere serieuze dagen.
Als laatste collega’s zou ik graag Joep en Leon willen noemen. Leon, de
laatste jaren van mijn promotie waren zeker niet zo leuk geweest zonder jouw
stevige lach, sterke mening, lekkere koffie en vooral ook jouw inzet om leuke
dingen te doen met collega’s. En natuurlijk onze bijna dagelijkse ”gok” partijtjes.
Joep, wij zijn lang collega’s geweest maar eigenlijk bijna even lang al goede
vrienden, het was meteen gezellig vanaf de eerste dag dat ik stage liep bij AMS.
Je hebt altijd je woordje klaar, deinst nergens voor terug en bent geweldig
geduldig geweest met mijn poging iets van Linux te begrijpen. Reden te meer
om jou, heel erg te bedanken voor de geweldige tijd die we hebben gehad met
bijvoorbeeld Tropical Danny en Guillermo en vele andere kaskrakers. Joep, je
bent een geweldige vriend!
Een promotietraject kan natuurlijk niet succesvol zijn zonder goed te eten,
vandaar ook dat ik blij ben dat ik wekelijks terecht kon bij maaltijdservice Theo
van Brenk. Theo en An, jullie bakken de meest geweldige burgers, (bieter)ballen,
Bonita’s en maken heerlijke smoothies. Ga zo door met innoveren en vernieuwen,
elke keer als er iets nieuws op de kaart stond was dat weer een heerlijke verrassing.
Naast eindeloos hard werken was er ook wel eens ruimte voor wat vrienden,
daarvoor wil ik graag iedereen van ”weekendverlof” hartelijk danken voor al
hun gekkigheid en alle leuke feestjes. Daphne ”Giraf” & Timmy ”Hendriks”,
Niels ”Kokkie” & Lena ”Franse camping eigenaar?”, Niels ”Edinburgh” &
Margot ”Pokerface”, Nienke ”de Belangrijkste” & Siem ”de Lijn is een punt
voor jou”, Robin ”Pensioenfonds” & Mieke ”Draken-temmer”, Tom ”Politicus”,
Tim ”Wasteland” en natuurlijk Mark ”Staat altijd voor je klaar”, allemaal
bedankt voor jullie vertrouwen, hulp bij zware dagen maar vooral ook dat jullie
altijd naar mijn uitgebreide verhalen over zonnecellen wilden luisteren (of doen
alsof). Ik heb serieus veel gehad aan alle vakanties, zomerfeesten, surfweekenden,
drakenmalen, barbecues, lunches, mannenweekenden en stapavonden, dat er
nog maar veel mogen volgen. Jullie hebben allemaal zo veel vertrouwen in
mij getoond en mij altijd gesteund en ondersteund in mijn werk, maar ook
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in mijn dwaze acties. Onze vrienden uit Amersfoort, Bobby, Shirley en lieve
Liva, fijn dat wij altijd zo welkom zijn en dat jullie zo kunnen genieten van
uitstapjes naar Nijmegen. Op vele van die uitstapjes bezochten we natuurlijk
mijn geweldige stamkroeg en al voor vele jaren onze thuisbasis: Dollars muziek
caf Nijmegen. Maarten en Ingrid, wat doen jullie het nog steeds geweldig na al
die jaren hard werken, het caf blijft voor mij een heerlijke plek om even lekker
er tussen uit te drinken.
Lieve ouders, bedankt voor al jullie steun en geloof in mij, het heeft mij
veel goed gedaan. Arend en Ine, jullie waren niet weg te slaan uit Nijmegen om
met Esther en mij te dineren en alles te horen over de promotiezaken. Maar
jullie steun aan mij begon natuurlijk al lang geleden. Jullie hebben mij door
MAVO, HAVO, HLO en de TUe begeleid en altijd mij kunnen steunen. Een
fijn thuis is de belangrijkste basis voor een goede opvoeding en opleiding. Mam,
jou hulp begon al met de Franse woordjes oefenen aan de achterkamer en is
gebleven tot het nakijken van dit dankwoord. Arend, jou presisie heeft mij heel
wat geholpen bij het afronden van verslagen op de middelbare school, maar is
ook gewoon een prima levensles. Hans en Donya, ook jullie hebben van dichtbij
mijn opleidingstraject meegemaakt. Vooral tijdens mijn bewoning van Het
Witte Hotel is vast goed bij gebleven. Gelukkig deden jullie niet te moeilijk
over vijf minuten na het eten nog bellen dat je niet meer eet. Jullie woning
in Zeeland zorgde tijdens de promotie voor de nodige vakantiegevoelens, als
wij weer eens op bezoek kwamen, een fijne afwisseling van het drukke leven.
Daarbij wil ik ook al mijn ouders hartelijk danken voor de nodige financile
steun tijdens studie en promotie. Dan nog mijn lieve zuster. Lieve Sien, je bent
een geweldige zus die het altijd leuk vindt om bij ons op bezoek te komen, al
is het alleen al om even met de katten te knuffelen. Vanzelfsprekend heb ik
ook veel steun en liefde mogen ontvangen van mijn schoonfamilie, Rene & José,
Thea & Fred en Willy & Nicole.
Dan uiteindelijk de belangrijkste persoon uit mijn leven, lieve Esther, er
zijn niet genoeg mooie woorden om jou te kunnen bedanken voor alles wat je
voor mij hebt gedaan. Voor alle momenten dat het lastig was en je er voor
mij was, maar ook voor je steun bij alle leuke evenementen, bijeenkomsten en
congressen waar ik heen moest. Al jou geduld als er weer eens extra gewerkt
moest worden en er geen tijd was voor zondag-jon-dag of (d/j)onderdag. Je
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bent de allerliefste persoon die ik ken en ik heb mega veel zin om de rest van
mijn doctorale leven met jou samen te zijn.
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