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Summary – Quantitative (S)TEM of OPV 
degradation 
Solar energy is one of the main alternatives to fossil fuels, and is widely thought of as an 
alternative to fossil fuels in the global energy transition towards renewable energy, a goal set 
by the Paris Agreement in 2015. However, in 2016, only 1.8% of the global energy 
consumption was generated by solar cells, a percentage that needs to be increased 
significantly to meet the goals of the Paris Agreement. Organic photovoltaics (OPVs) show 
potential to increase the amount of solar energy generated, due to their ease of processing. 

In OPVs, incoming light creates a coulombically bound electron-hole pair (exciton). To 
dissociate this exciton in an electron and a hole, and thus generate energy, an electric field is 
needed. This electric field is created by the use of two different materials, an electron donor 
material and an electron acceptor material. At the interface of these materials, the exciton is 
dissociated. Commonly, OPVs exhibit a bulk heterojunction morphology, i.e., a phase-
separated structure of electron donors and acceptors, with domain sizes of ± 20 nm, allowing 
all excitons to reach an interface. Nowadays, OPVs have reached a maximum efficiency of 
17.3%. 

A major drawback of OPVs, as compared to their inorganic counterparts, is their rapid 
performance degradation, especially in the presence of oxygen and water. This leads to 
oxidation of the donor and acceptor materials, causing lower light absorbance and, hence, a 
lower efficiency. Although the overall performance degradation of OPVs has been 
extensively described, the effect of oxygen and water on the donor-acceptor interface has not 
yet been resolved. In this thesis, the interfacial degradation of P3HT:PCBM organic solar 
cells, is analyzed at the nanoscale, employing analytical Transmission Electron Microscopy 
(TEM) techniques. 

In TEM, a high energy electron beam passes through and interacts with a specimen. The 
transmitted beam, with embedded information of the specimen, eventually reaches a detector 
where the image, a 2D projection of a 3D system, is recorded. For an OPV bulk 
heterojunction, this means that the image shows intermixed information of the donor phase, 
the acceptor phase and the interface, making it impossible to separately analyze the interface. 
To overcome this projection problem, columnar model systems are created, with the interface 
parallel to the electron beam (Chapter 2). This is achieved by creating a phase-separated 
P3HT-polystyrene film, leading to a P3HT matrix and polystyrene islands. After removing 
the polystyrene, the islands are filled with PCBM. A 2D projection of this model systems 
shows the separate donor phase, acceptor phase and interface. 

The interaction of the high energy electron beam with the specimen can lead to electron beam 
damage, which is the ultimate limit to the obtainable resolution in TEM imaging of beam-
sensitive materials. This electron beam damage can cause, e.g., a decrease in diffraction ring 
intensity, mass loss, and shrinkage or expansion of a polymer film. This problem is inherent 
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to TEM imaging, especially for analytical TEM techniques where a large amount of electrons 
is needed, and can therefore not be overcome. Nevertheless, using cryogenic conditions and 
an oxygen- and water-free sample preparation method can decrease the rate of electron beam 
damage and increase critical electron doses, i.e., the maximum amount of electrons that can 
be used to acquire reliable information, up to 10 times (Chapter 3).  

The contrast between materials in a TEM image is generated by differences in density and 
composition between materials, leading to different interactions with the electron beam. In 
the case of P3HT:PCBM OPVs, the contrast between donor and acceptor materials originates 
from a small difference in density, leading to images with low contrast. Furthermore, electron 
beam damage limits the use of high electron doses to increase the signal-to-noise ratio. 
Therefore, to increase the signal-to-noise ratio of P3HT:PCBM OPVs, one needs to record 
the phase of electrons, which can be accomplished by the introduction of phase contrast with 
techniques such as integrated Differential Phase Contrast (iDPC). In this thesis, this technique 
is applied for the first time on larger scale structures, i.e., P3HT:PCBM model systems, 
showing an increase in signal-to-noise ratio as compared to standard TEM and Scanning 
TEM (STEM) techniques (Chapter 4).  

Analytical TEM techniques, such as STEM-Electron Energy Loss Spectroscopy (EELS), 
STEM-Energy Dispersive X-ray Spectroscopy (EDX) and Energy Filtered TEM (EFTEM) 
can be employed to analyze the composition of materials. The oxygen- and water-uptake in 
P3HT:PCBM model systems can be assessed by creating oxygen- and water-free and oxygen- 
and water-rich samples with the introduction of a new sample preparation method, which can 
be employed inside and outside an oxygen- and water-free environment (Chapter 2). In 
Chapter 5, the different analytical techniques are compared, showing that all techniques are 
capable of measuring differences in oxygen content. STEM-EELS, however, shows by far 
the largest signal-to-noise ratio and gives reliable, quantified data of the oxygen content in 
P3HT:PCBM model systems, by using a newly introduced data-averaging scheme. No 
specific uptake at the interface is found. STEM-EELS and state-of-the-art high energy 
resolution STEM-EELS can further be employed to access information on the nature of 
chemical bonding in the material, and information on the band structure of the material 
(Chapter 6).  

A P3HT:PCBM model system prepared in an oxygen- and water-free environment, 
comparable to an encapsulated OPV device, has an oxygen and water content that is too low 
to reliably measure. When an encapsulated OPV is placed outside, over time oxygen and 
water will diffuse through the encapsulating material and reach the active layer. This effect 
is measured by preparing a sample in humid air. The oxygen and water content increases 
towards 7.4 atoms/nm3 in the P3HT-rich regions and 1.9 atoms/nm3 in the PCBM-rich 
regions. Furthermore, detailed analysis shows a decrease in C=C bonding upon exposure to 
humid air, which is likely related to electron beam damage, and shows the presence of 
molecular oxygen. Analyzing the band structure shows that the visibility of the PCBM band 
structure decreases, indicating the presence of oxygen and water has a detrimental effect on 
the PCBM energy levels. 
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When oxygen and water have diffused into the active layer, (UV-) illumination can lead to 
oxidation of the materials. To mimic this process, a sample, prepared in humid air, is exposed 
to UV-illumination and afterwards placed in vacuum, leaving only chemisorbed (i.e., reacted 
with the sample) oxygen and water. STEM-EELS analysis shows that 1 oxygen atom/nm3 is 
present in the P3HT-rich regions, while 0.6 atoms/nm3 are present in the PCBM-rich regions. 
Furthermore, a decrease in C=C bonds and an increase in C-O-C bonds is measured, showing 
the oxidation of materials. Furthermore, the PCBM band structure reappears, showing that 
the PCBM band structure is mainly effected by physisorbed oxygen and water and not by 
photo-oxidation. 

This thesis shows the possibilities of using STEM-EELS to analyze the elemental 
composition of beam-sensitive materials. By carefully selecting a model system and a sample 
preparation method, and by analyzing the effects of electron beam damage, we show that 
analytical TEM techniques can be used to analyze compositional changes in P3HT:PCBM 
model systems. Furthermore, the methods described in this thesis are not selective to this 
model system, but can be extended to all kinds of beam-sensitive materials. 
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With the signing of the Paris Agreement in 2015,1 nearly all countries in the world have 
decided that the increase in average global temperature, due to an increase of CO2 in the 
atmosphere, has to be kept below 1.5 °C. This can only be achieved by drastically changing 
the world’s energy supply, which is still mainly dependent on the use of fossil fuels such as 
coal, oil and natural gas. Over the years, these energy sources have to be replaced by, e.g., 
energy from the sun, whether it is direct (solar energy) or indirect (wind energy or 
biomass). Every year, nearly four million exajoules of solar energy reaches the earth,2 of 
which 50000 exajoules is stated to be easily converted to useable energy, equal to around 
1500 TW.3 However, in 2016, only 303 GW of this solar energy was harvested by solar 
cells, approximately 1.8% of the global energy consumption.4 Although the amount of 
power generated by solar cells is increasing,4 significant challenges have to be overcome to 
meet the goals set by the Paris Agreement. Organic solar cells show potential to increase 
the amount of solar energy generated, due to their ease of processing.5 However, the rapid 
performance degradation of organic photovoltaics (OPVs) is a major drawback that needs 
to be resolved before organic solar cells can show their full potential.6-8 

1.1 Solar cells 

One of the first famous uses of solar energy dates back to the third century before Christ, 
when the Greek scientist Archimedes supposedly used mirrors to focus the rays of the sun on 
ships attacking the city of Syracuse, setting the ships on fire. It took, however, until 1839 
before the photovoltaic effect, i.e., the conversion of light into an electric current or potential, 
was first observed by the French physicist Alexandre-Edmond Becquerel. This was achieved 
by exposing an electrode, placed in a conductive solution, to light.9 Early research on this 
effect mainly focused on the photoconductivity of selenium,10 leading to the first solar cell 
being built in 1883, out of selenium coated with a thin layer of gold.11 The first theoretical 
basis of the phenomenon was published in 1905, by Albert Einstein,12 while around the same 
time Alfred Pochettino first observed photoconductivity in an organic material, namely 
anthracene.13-14  

In the early 1950’s, the first practical silicon solar cells were constructed at Bell Laboratories 
in the USA, with a 6% efficiency,14 before solar cells took off to space on board of the 
Vanquard I satellite in 1958. In the years after, the efficiency of inorganic solar cells would 
gradually increase, but their high costs limited their use to extraterrestrial applications. Only 
in the seventies, the focus shifted from increasing efficiency to lowering costs and facilitating 
more wide spread applications. 

During the same decade, the research into organic solar cells took a leap when Alan Heeger, 
Alan MacDiarmid and Hideki Shirakawa discovered the photoconductivity of polyacetylene 
in 1977, a photoconductive polymer.15 However, simple solar cell devices based on 
polyacetylene yielded a maximum efficiency of 0.3%.16 When incoming light is absorbed by 
a solar cell, a coulombically bound electron-hole pair (exciton) is created. In contrast to 
inorganic solar cells, where the thermal energy is high enough to dissociate this exciton into 
an electron and a hole, for organic solar cells the binding energy of the exciton is much larger 
than the thermal energy.17 This means that, in the case of single layer solar cells, the excitons 
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need to be dissociated by the electric field in the organic layer, caused by the different work 
function of electrodes on each side of the layer (Figure 1.1a). Nevertheless, for commonly 
used electrode materials, this electric field is seldom large enough to efficiently dissociate 
excitons.  

 
Figure 1.1 a) Schematic single layer OPV device. b) Schematic double layer OPV device. c) Schematic bulk 
heterojunction OPV device.  

To overcome this problem, Ching Tang created the first bilayer cell (Figure 1.1b), from which 
the results were published in 1986.18 This cell contained two organic layers, an electron donor 
and an electron acceptor, i.e., copper phthalocyanine and a perylene tetracarboxylic 
derivative (Figure 1.1b). The combination of materials dramatically increased the efficiency 
to 1.0%. Here, the excitons travel to the donor and acceptor interface, where the electron 
resides in the acceptor phase and the hole resides in the donor phase, and the exciton can 
dissociate in free charges.19 Drift and diffusion will transport the electrons and holes to their 
respective electrode. Due to the short lifetime of excitons,20-22 their diffusion length is limited 
to ~10 nm. This means that for layers of larger thickness most excitons will not reach the 
interface, and will therefore not dissociate in holes and electrons.  

This problem was solved by the introduction of the bulk heterojunction (BHJ) cell.23-24 In a 
bulk heterojunction, two materials are intermixed, leading to a phase-separated structure of 
electron donors and acceptors (Figure 1.1c), where the domain sizes can be around 20 nm, 
twice the exciton diffusion length. This, in principle, allows all excitons to reach a donor-
acceptor interface. An early example of a bulk heterojunction is a polymer/fullerene solar 
cell, which showed an initial efficiency of 0.04%.25 Nowadays, the bulk heterojunction 
morphology is still the most widely used morphology in OPV devices, and for two classical 
OPV materials, poly(3-hexylthiophene) (P3HT) and phenyl-C60-butyric acid methyl ester 
(PCBM), the conversion efficiency increased over the years to an average of 3.5%.26-27  

During recent years, extensive research into new materials28-30 and new device architectures 
such as inverted31 and tandem solar cells32 has led to a huge increase in the efficiency of 
OPVs with, at the moment of writing, a world-record (lab-scale) conversion efficiency of 
17.3% being achieved.33 The efficiency of commercially available organic photovoltaics, 
however, is only in the range of 6-7%.34  

Nowadays, solar cells are a large part of government’s plans to switch from fossil fuels to 
renewable energy. However, the large majority of solar energy is generated by inorganic 
(silicon) solar cells, while OPVs only have a marginal share. The simplicity, and therefore 
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cost-effectiveness, of OPV manufacturing,35 in comparison to inorganic solar cells, should 
make OPVs, however, competitive on the global market.  

One major drawback of OPV devices to realize market competitiveness is their rapid 
performance degradation.6-8 The efficiency over the lifetime of OPV devices can be split in 
three regions,7 as shown in Figure 1.2. First, a rapid degradation takes place, called burn-in 
degradation, before a long-term, slower degradation sets in. This second regime eventually 
leads to the third degradation regime, device failure. The fast, initial burn-in is mainly caused 
by intrinsic degradation. Intrinsic degradation occurs when an encapsulated OPV photoactive 
layer is still free from environmental oxygen and water. Intrinsic degradation will occur due 
to exposure to heat or light and can lead, in the case of PCBM containing devices, to the 
photo-dimerization of PCBM36-38 or phase separation of PCBM and the donor polymer. Long 
term degradation and failure is mainly caused by the presence of water and oxygen, i.e., 
extrinsic degradation, where photo-oxidation causes bleaching, and thus reduces light-
absorbance of the materials.39-40 

 
Figure 1.2 Schematic graph of the effect of operating time on the efficiency of organic photovoltaics. 

Although the overall performance degradation of OPV devices has been extensively 
described and, generally, chemical and physical changes in P3HT:PCBM BHJs are well 
understood,41-60 the effect of oxygen and water on the donor-acceptor interface has not been 
resolved. Since power generation occurs at this interface, changes at the interface are 
expected to have a detrimental effect on the device performance.  Therefore, in this thesis, 
we will analyze OPV degradation, as a function of oxygen- and water-uptake, on the 
nanoscale and study the effect of oxygen and water on the donor-acceptor interface. 
Transmission Electron Microscopy (TEM) is a technique that is capable of resolving the 
elemental composition of materials on the nanoscale and will therefore be used throughout 
this thesis. 
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1.2 Transmission Electron Microscopy 

The first Transmission Electron Microscope (TEM) was constructed by Ernest Ruska in 
1931,61 an invention that eventually lead to the Nobel Prize in Physics in 1986. After the 
publication of the De Broglie hypothesis in 1925,62 it was quickly realized that the small 
wavelength of electrons could be used to create a microscope much more powerful than a 
light microscope. Since the resolution limit of a microscope, as stated by Ernst Abbé63 
(equation 1.1, where d is the resolution limit (nm), λ is the wavelength (nm) and NA is the 
numerical aperture), is dependent on the wavelength of light, the obtainable resolution limit 
using high-energy electrons is much smaller than the resolution limit using (UV-)light. 

𝑑𝑑 =
𝜆𝜆

2𝑁𝑁𝑁𝑁
                                                                   (1.1) 

In a conventional TEM, an electron beam is generated from an electron source. This beam 
travels through a condenser system forming a parallel electron beam, which passes through 
and interacts with a specimen. The beam that has transmitted the sample, with embedded 
information of the specimen, then passes through an objective lens before it reaches a 
pixelated detector where the image is recorded. A schematic drawing of the electron beam 
path in TEM is shown in Figure 1.3. 

 
Figure 1.3 Schematic beam paths in TEM (left) and STEM (right). 
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The contrast in TEM images is, thus, generated by the interactions of electrons with the 
specimen, i.e., electron scattering. Electrons can undergo different kinds of interaction with 
the specimen leading to different signals with different information content. Commonly used 
TEM techniques mainly collect the bright field (BF) signal. This signal contains electrons 
that have undergone no interaction with the specimen, or that have been scattered elastically 
or inelastically.64 In elastic scattering, electrons interact with the nucleus of an atom or 
electrons present in the specimen. This causes the electron to change its direction, i.e., the 
electron is scattered at an angle.  

Inelastic scattering occurs when incoming electrons lose energy due to interaction with the 
specimen. When incoming electrons excite core electrons close to an atomic nucleus in the 
specimen, the amount of energy the electrons lose is characteristic of the atom that is 
interacted with. This information can therefore be used for elemental analysis, if the energy 
loss of the electron can be measured. Furthermore, when the hole, created by excitation of an 
electron, is filled by recombination from higher shells, X-rays will be emitted, which can also 
be used for elemental analysis. 

Nowadays, many TEMs are equipped with an energy filter, which is placed underneath the 
column. The electron beam, which has interacted with the specimen, travels through an 
energy filter before it reaches the detector. In the energy filter, a magnetic prism is located. 
This prism spatially spreads the electrons based on their energy, as shown in Figure 1.4a. 
This allows the recording of a spectrum, a technique called Electron Energy Loss 
Spectroscopy (EELS).65 

A standard EELS spectrum, as shown in Figure 1.5a, typically contains three regions. A large 
peak with an energy loss of 0 eV, the zero-loss peak, contains all the electrons that have not 
undergone inelastic scattering. This zero-loss peak can be used to assess the thickness of the 
specimen. The next region is called the low-loss (or plasmon) region, containing electrons 
that have interacted with plasmons or valence electrons in the specimen. The low-loss region 
can be used, e.g., to calculate electron density66 and complex dielectric functions.67 The third 
and final region is called the core-loss region. This region contains all electrons that have 
excited a specimen electron, and this region is therefore used for elemental analysis. Element-
specific signals in the core-loss region exhibit themselves as a sudden onset of intensity at a 
certain energy loss, showing edges above the inelastic background. Typical energy losses are, 
e.g., 284 eV for the carbon K edge and 532 eV for the oxygen K edge. The background in 
the spectrum is due to inelastic scattered electrons, and behaves like a power law (equation 
1.2, where Ibg is the background intensity (counts), A and r are fitting parameters and E is the 
energy loss (eV)).  

𝐼𝐼bg = 𝑁𝑁E−𝑟𝑟                                                              (1.2) 

𝑁𝑁 =
𝐼𝐼k
𝐼𝐼t𝜎𝜎

                                                                 (1.3) 
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Figure 1.4 a) Schematic representation of an energy filter where an EELS spectrum is acquired. b) Schematic 
representation of an energy filter acquiring an elemental image using EFTEM. 

Quantitative information can be obtained by removal of the background, and comparing the 
core-loss intensity to the total intensity of the spectrum, including the zero-loss peak, as 
described in equation 1.3, where N is the planar concentration of an element (atoms/nm2), Ik 
is the edge intensity after background subtraction, It is the total intensity and σ is the cross 
section of the element (nm2/atom). 

 

Figure 1.5 a) Typical EELS spectrum containing the zero-loss, low-loss and core-loss region. b) Energy locations 
and intensities of images, belonging to equations 1.4-1.6. 

A standard TEM EELS spectrum contains no spatial information, as it shows the total 
scattering intensities of the entire illuminated area. Spatially resolved compositional images 
can be acquired in TEM-mode by the use of an energy-selective slit, present in the energy 
filter. Therefore, this technique is referred to as energy-filtered TEM (EFTEM). This slit can 
be placed over a certain energy range, and hence block electrons that have different energies 
(see Figure 1.4b). After this energy selection, post-slit lenses focus the image on the detector. 
The result is a spatially resolved image only created from electrons within the selected, 
element-specific, energy range (the so-called post-edge image, stated as I3 in Figure 1.5b). 
However, the image also contains electrons from the inelastic background, which have to be 
removed via a background correction. This background correction is performed via the 
acquisition of two pre-edge images, by moving the energy-selective slit (I1 and I2 in Figure 
1.5b). From these two images, the background image, which is eventually subtracted from 
the post-edge image, can be calculated via equation 1.4-1.6, where  r and A are fitting 
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parameters, I1 and I2 are the intensity of the pre-edge 1 and pre-edge 2 image (counts), E1 is 
the energy onset of the pre-edge 1 image (eV), E2 is the energy onset of the post-edge image 
(eV), E3 is the energy onset of the pre-edge 2 image (eV), E4 is the energy offset of the post-
edge image and Ibg is the background intensity (counts). The location of the energy onsets 
and offsets are clarified in Figure 1.5b. Subtracting the calculated background image from 
the post-edge image leads to an elemental map, which in turn can be quantified according to 
equation 1.2, when a non-filtered image is acquired as well. 

𝑟𝑟 = 2
log �𝐼𝐼1𝐼𝐼2

�

log �𝐸𝐸2𝐸𝐸1
�

                                                           (1.4) 

𝑁𝑁 =
(1 − 𝑟𝑟)𝐼𝐼2

𝐸𝐸21−𝑟𝑟 − 𝐸𝐸31−𝑟𝑟
                                                       (1.5) 

𝐼𝐼bg =
𝑁𝑁

1 − 𝑟𝑟
[𝐸𝐸41−𝑟𝑟 − 𝐸𝐸21−𝑟𝑟]                                              (1.6) 

After the construction of the first TEM in 1932, the first Scanning TEM (STEM) was 
constructed in 1938.68 In STEM-mode, the electrons follow a different beam path as in TEM, 
as shown in Figure 1.3. Similar as in TEM-mode, an electron beam is generated by an electron 
source and passes through a condenser lens system. However, instead of creating a parallel 
beam, the condenser lens system focusses the beam on the sample. This focused beam passes 
through and interacts with the specimen, before the pixel intensity is registered on a detector. 
By scanning the focused beam across the sample in a raster pattern, an image is created. 
Dependent on the angle of (elastic) scattering, either a BF signal or a dark field (DF) signal 
can be detected by annular detectors, i.e., circular detectors with a hole in the center, creating 
Annular Bright Field (ABF) and Annular Dark Field (ABF) images. The hole in the center 
of the annular detectors allows the BF signal to pass through the energy filter for STEM-
EELS measurements. As compared to EFTEM, the acquisition of elemental maps is more 
straightforward in STEM-EELS, since for every pixel a complete spectrum is acquired, and 
every spectrum can be analyzed as a standard EELS spectrum. Elemental images can be 
obtained by calculating and subtracting the power-law of each spectrum. 

Nowadays, (S)TEM is a major technique in materials research providing nanoscale 
morphological and chemical insight. More specifically, for OPV research, TEM has been a 
major tool to analyze their morphology,29,69-71 such as for P3HT:PCBM BHJs.72-73 TEM has 
shown, e.g., the effect of thermal annealing on the BHJ morphology, showing that thermal 
annealing increases the P3HT:PCBM phase separation and increases the crystallinity of 
P3HT.73-74 Furthermore, TEM has shown morphology changes due to degradation.75 
However, a drawback of these TEM studies has been the fact that there is no access to 3D 
information, since TEM images show a 2D projection of a 3D system. This is, however, 
resolved using electron tomography, where tilt series are acquired and reconstructed into a 
3D model. Electron tomography has shown its great potential in, e.g., connecting the 3D 
morphology of P3HT:PCBM BHJs with device performance.76-79  
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EFTEM and STEM-EELS have been used to analyze the composition of P3HT:PCBM 
OPVs. For example, EFTEM has been used to study crystallization induced de-mixing of 
P3HT and PCBM,80 and has been used to visualize an interphase, a third, mixed P3HT:PCBM 
phase in P3HT:PCBM BHJs.81 STEM-EELS, on the other hand, has been used to analyze the 
effect of fullerene size on OPV morphology.82 A large drawback, however, is the fact that 
the interaction of high-energy electrons with the specimen leads to electron beam damage, 
significantly reducing the number of electrons that can be used for acquiring data.83-85 This 
is unfortunate, since the analysis of core-loss signals usually requires a high total dose of 
electrons, since only a small amount of electrons undergo inelastic scattering. The electron-
specimen interaction can, e.g., cause a loss of crystal structure86-87 or can remove material 
from the sample,88-89 leading to morphological changes. This electron beam damage is a 
major drawback of (S)TEM analysis, and therefore needs to be studied to limit its effect. 

1.3 Outline of this thesis 

In this thesis, we utilize analytical (S)TEM to spatially resolve degradation due to oxygen 
and water uptake in P3HT:PCBM photovoltaics. To analyze the oxygen and water uptake in 
separate OPV phases, and at the interface, some inherent TEM limitations must be overcome. 
Due to the nature of TEM images, i.e., the 2D projection, phases are not easily distinguishable 
in BHJ TEM images. This can be resolved with electron tomography, but due to the high 
electron doses necessary in analytical TEM, such as STEM-EELS and EFTEM, this will 
cause electron beam damage when acquiring 3D elemental information. Therefore, in 
Chapter 2, we describe the synthesis of columnar model systems. These model systems are 
employed to access interface information in a single 2D projection, since the interface is 
placed parallel to the electron beam. This means that from a single image the composition of 
the P3HT phase, the PCBM phase or the interface can be resolved. More specifically, the 
chapter discusses the preparation of model systems by colloidal self-assembly, nanoimprint 
lithography and the phase separation of polymers. While colloidal self-assembly and 
nanoimprint lithography are promising techniques, we show that the phase separation of 
P3HT and polystyrene is a facile method to create P3HT:PCBM columnar model systems. 
This includes a new TEM sample preparation method to be able to move the complete sample 
preparation protocol of the P3HT:PCBM model systems into an oxygen- and water-free 
glovebox. This method can be extended to P3HT:PCBM BHJs, as shown in Chapter 3, and 
basically all samples created by spin-coating. A new image analysis method was developed 
to calculate the transition profile across the PCBM-P3HT interface, leading to a detailed 
understanding of the model system in terms of the location, shape and composition of the 
relevant PCBM-P3HT regions and interface. 

In Chapter 3, we studied the effects of electron beam damage on P3HT:PCBM bulk 
heterojunctions. By changing the sample preparation protocol, i.e., comparing samples that 
are prepared according to the conventional TEM sample preparation method to TEM samples 
that are prepared in an oxygen- and water-free glovebox. Furthermore, the effect of 
temperature on the rate of electron beam damage was tested. We created methods to quantify 
electron beam damage in both diffraction and imaging mode, and found that the oxygen- and 
water-free sample preparation method significantly increases the beam stability of 
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P3HT:PCBM BHJs in diffraction mode, in cryogenic conditions. In imaging mode, we show 
that room temperature conditions are best suited for high dose acquisition methods, such as 
electron tomography, and cryogenic conditions are preferred at low electron doses. Although 
the chapter is specific to P3HT:PCBM bulk heterojunctions, the methods introduced are 
general and can easily be utilized for different materials, being state-of-the-art OPV 
materials, or any other beam sensitive materials. 

In Chapter 4, different TEM and STEM imaging modes were explored to increase the 
contrast and signal-to-noise ratio of the P3HT:PCBM model systems. First, we describe 
standard BF-TEM imaging and show the effect of zero-loss filtering and thickness mapping 
on the signal-to-noise ratio and the contrast between the P3HT and PCBM phases. 
Furthermore, electron tomography is employed to increase contrast on a state of the art OPV 
BHJ. In STEM-mode, integrated Differential Phase Contrast (iDPC) was employed for the 
first time on large scale imaging and showed great potential in increasing contrast and signal-
to-noise ratio, as features were found in the P3HT phase that are less visible in standard 
STEM-imaging such as ADF and ABF imaging. 

In Chapter 5, three elemental techniques were compared to find the technique best-suited 
for the analysis of the uptake of oxygen and water in the columnar model system. At first, 
the decrease in oxygen K edge intensity, in the EELS spectrum, was studied to find the 
amount of electrons necessary to obtain the highest signal-to-noise ratio. STEM-EDX, 
EFTEM and STEM-EELS were studied, where all techniques were capable to measure a 
difference in oxygen content between oxygen- and water-free samples and samples exposed 
to humid air. Furthermore, all three techniques were also capable to find a difference in 
oxygen content between the PCBM and P3HT phases. While STEM-EDX was only suited 
to show a qualitative difference, EFTEM showed the potential to assess trends in oxygen 
content. STEM-EELS results showed the highest signal-to-noise ratio, resulting in the 
quantification of the oxygen content in both the PCBM phase and the P3HT phase of a sample 
exposed to humid air.  

In Chapter 6, STEM-EELS was used to assess P3HT-PCBM degradation as an effect of 
oxygen and water, and UV-illumination. Differences between chemisorbed and physisorbed 
oxygen and water were assessed by studying a sample prepared in an oxygen- and water-free 
environment, a sample exposed to humid air (physisorbed) and a sample exposed to UV-
illumination in a humid environment, with physisorbed species removed (thus, only 
containing chemisorbed oxygen and water). The sample containing physisorbed oxygen and 
water showed the highest oxygen content, followed by the sample containing chemisorbed 
oxygen and water. The full capabilities of STEM-EELS were used to assess changes in the 
chemical bonding due to oxygen and water, showing that UV-illumination causes an increase 
in C-O-C bonds, and a decrease in C=C bonds. Lastly, state of the art high resolution EELS 
was necessary to analyze changes in the band structure, which showed that the presence of 
physisorbed oxygen and water has a large effect on the band structure. 

Finally, Chapter 7 provides a summary of the main results presented in this thesis and 
concludes with an outlook on the potential of the methods developed in this thesis for the 



 
Introduction 

 

11 
 

study of electron beam damage and the analysis of the composition and morphology of beam 
sensitive materials. 

This thesis contributes to the understanding of the degradation of OPVs, and furthermore 
describes specific techniques capable of studying this degradation, which are applicable to 
different materials. We think that the understanding of OPV degradation is essential to 
ultimately fulfill the potential of OPVs in terms of the goals set by the Paris Agreement. 
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2 
Oxygen- and water-free sample 
preparation of columnar OPV model 
systems 

Abstract 

The TEM sample preparation of P3HT-PCBM organic photovoltaics (OPVs) commonly 
involves a water-containing processing step. However, to facilitate the analysis of oxygen- 
and water uptake, an oxygen- and water-free sample preparation method is necessary. In 
this chapter, we present a custom-made TEM specimen holder, where a solution can directly 
be spin-coated on TEM grids, skipping the water-containing processing step and enabling 
the sample preparation to be completely carried out in an oxygen- and water-free 
environment such as a glovebox.  

P3HT-PCBM OPVs generally exhibit a bulk heterojunction morphology. TEM analysis, 
giving a 2D projection of the specimen, will therefore make it impossible to distinguish the 
P3HT:PCBM interface, since the P3HT and PCBM phases overlap and the interface 
projection disappears in the projection of the bulk phases. To overcome this challenge, 
columnar model systems are created, where the interface is parallel to the electron beam 
throughout the thickness of the film. With these columnar model systems, the interface can 
thus be visualized in a 2D projection. In this chapter, we discuss three different methods to 
create oxygen- and water-free columnar P3HT-PCBM model systems, i.e., colloidal self-
assembly, nanoimprint lithography and the phase separation of P3HT with polystyrene. 
Colloidal self-assembly and nanoimprint lithography are promising techniques, but show 
difficulties in creating a complete oxygen- and water-free sample preparation protocol. The 
phase separation of P3HT and polystyrene shows great promise in creating large scale 
columnar model systems, and is easily transferable into an oxygen- and water-free glovebox. 
Energy-Filtered TEM and a newly introduced data averaging scheme are used to understand 
the columnar morphology of the P3HT-PCBM model system in detail and show that the phase 
separation of P3HT and polystyrene creates a model system that can be used to analyze the 
uptake of oxygen and water across P3HT:PCBM interfaces. 
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2.1 Introduction 

One of the main parameters that determine organic photovoltaic (OPV) device performance 
is the selection of materials that are used in the photoactive layer. From literature it is known 
that performance degradation is largely caused by chemical changes in these donor and 
acceptor materials, due to the uptake of oxygen and water.1-4 To analyze this oxygen- and 
water-uptake, it is necessary to prepare samples that are completely oxygen- and water-free. 
Conventional OPV TEM sample preparation is, however, performed in the presence of 
oxygen and water,5-7 and therefore, a novel sample preparation method needs to be devised 
to create samples in an oxygen- and water-free environment, i.e., inside a glovebox. 
Comparing samples that are prepared inside and outside a glovebox can subsequently give 
information on oxygen- and water-uptake in OPV devices. 

 
Figure 2.1 a) Bulk heterojunction morphology that shows, in TEM imaging, a projection of a combination of bulk 
and interface information. b) Columnar morphology that shows a projection of either interface or bulk information. 
In both figures the arrow represents the electron beam. 

Power generation in OPVs takes place at the donor-acceptor interface, where excitons 
dissociate in electrons and holes.8 Chemical changes at this interface, due to oxygen- and 
water-uptake, are expected to have a detrimental effect on the performance of OPVs. To 
study interfacial uptake, TEM images of bulk heterojunction (BHJ) OPV devices are not 
suited, as they show a 2D projection where the P3HT and PCBM domains, with a domain 
size of about 20 nm, overlap. This decreases the visibility of the different phases, especially 
the interface (Figure 2.1a).9 Therefore, to measure changes at the interfaces, model systems 
are necessary,10 with the donor-acceptor interfaces parallel to the electron beam (Figure 
2.1b). Hence, columnar model systems are a good option to resolve chemical changes, such 
as the uptake of oxygen and water, or photo-oxidation due to UV-illumination, in the donor 
phase, the acceptor phase and at the interface. Well-defined model systems can be created 
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using top-down or bottom-up approaches,11 by, e.g., block-co-polymers,12-13 phase 
separation,14 nanoimprint lithography15-17 and colloidal self-assembly.18-19 

In this chapter, we present TEM sample preparation methods that can be carried out in an 
oxygen- and water-free environment. Furthermore, we discuss three different approaches to 
create columnar model systems, namely the use of colloidal self-assembly, nanoimprint 
lithography and the phase separation of two polymers. Moreover, a new image analysis 
method (data averaging scheme) will be introduced to derive transition profiles across the 
P3HT-PCBM interface, tailored to columnar model systems. This averaging scheme will 
ensure that we can obtain relevant chemical information in TEM at low electron doses and/or 
at low signal-to-noise ratios.  

2.2 Experimental section 

2.2.1 Materials 

Ortho-dichlorobenzene (oDCB), chlorobenzene (CB), polystyrene (PS, average Mw 35000 
g/mol), sodium-dodecyl-sulfate (SDS), cetyl trimethylammonium bromide (CTAB) and 
poly(3-hexylthiophene) (P3HT, Plexcore OS 2100, with an average Mw of 35000 g/mol) were 
acquired from Sigma Aldrich. P3HT (Sepiolid P200), with an average Mw of 20000 g/mol, 
was purchased from Rieke Metals. Poly(3,4-ethylenedioxythiophene)-poly(styrene 
sulfonate) (PEDOT:PSS, Clevios PVP AL 4083) was purchased from Heraeus. 
Poly(dimethyl siloxane) (PDMS, trimethylsiloxy terminated, Mw 9000 g/mol) was acquired 
from Alpha Aesar, while anodic aluminum oxide (AAO) templates were obtained via 
Synkera Technologies Inc. Acetone, 2-propanol and dichloromethane (DCM) were 
purchased from BioSolve. All materials were used without further purification. 

2.2.2 Microscopy 

Unless stated otherwise, SEM images were acquired on a Quanta 3D FEG microscope 
(Thermo Fisher Scientific), and TEM images were acquired on the TU/e Cryo Titan (Thermo 
Fisher Scientific), operated at 300 kV, equipped with a field emission gun, a Gatan GIF 2002 
and a 2k × 2k Gatan CCD camera.  

2.2.3 Direct spin-coating of bulk heterojunction 

A 1 wt% P3HT-PCBM solution was made by dissolving 26 mg P3HT and 26 mg PCBM in 
2 ml oDCB. This solution was heated to 70 °C and left overnight, whilst stirring. Afterwards, 
this solution was cooled down and spin-coated on the TEM specimen holder, as introduced 
in section 2.3.1, loaded with Quantifoil R2/2 200 mesh Cu grids, or on a PEDOT:PSS covered 
glass plate, at 800 rpm for 3 minutes. Glass plates were cleaned prior to spin-coating by 
ultrasonication in acetone for 30 min, rubbing with soap and rinsing with water, 
ultrasonication in 2-propanol for 30 min and a 30 min UV-ozone treatment. PEDOT:PSS was 
spin-coated on clean glass plates at 3000 rpm for 60 s, using a Laurel WS-650-23NPP-LITE 
Spin Coater. The resulting glass plates were heated at 120 °C for 10 minutes to completely 
dry the PEDOT:PSS. 
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The OPV layers on the TEM-grids or on the PEDOT:PSS coated glass plates were thermally 
annealed at 120 °C for 10 min. Small sections were floated from the PEDOT:PSS layer onto 
demineralized water and picked up with Quantifoil R2/2 200 mesh Cu grids (EMS Diasum). 

The bending profile of the TEM-grid was acquired on a Veeco Dektak 150 profilometer. 

2.2.4 Colloidal self-assembly 

P3HT or PCBM was dissolved in chloroform at a concentration of 30 mg/ml. This solution 
was heated to 35 °C for 30 minutes. 10 mM SDS and CTAB solutions were prepared in 
ultrapure water and mechanically stirred to ensure proper solution. 0.5 mL of P3HT or PCBM 
solution was added to 3 ml of SDS or CTAB solution, followed by tip-sonication in an ice 
bath for 2 minutes using a Vibracell CV18. The resulting dispersion was heated to 70 °C for 
40 min, whilst stirring, to evaporate chloroform. To remove excess SDS or CTAB, dialysis 
was performed using a 50 kDa MWCO pre-wetted membrane (Spectrum).  

DLS and ζ-potential measurements were performed on a Malvern Zetasizer NanoZS. For the 
DLS measurements, the laser wavelength was set at 830 nm and disposable, low volume 
plastic cuvettes were used. For the ζ-potential measurements the laser wavelength was set at 
633 nm, and disposable folded cuvettes (Malvern Zetasizer Nano Series DTS1070) were 
used. TEM samples were prepared by drying a droplet of solution on a TEM grid (± 17 nm 
carbon film on 200 mesh copper grids, CF200-Cu, EMS Diasum). 

2.2.5 Anodic aluminum oxide templates and nanoimprint lithography 

Anodic Aluminum Oxide (AAO) templates were submerged in PDMS, heated to 200 °C and 
kept under vacuum for 24 h to ensure a thin PDMS anti-adhesion layer at the surface of the 
AAO template. Contact angles were measured on a Dataphysics OCA 30 with ultrapure water 
as probe liquid. A solution of 20 mg/ml P3HT in oDCB was prepared and left overnight at 
70 °C, whilst stirring. This solution was coated on Si3Nx grids (SmallTech Supplies) using 
the TEM specimen holder, introduced in section 3.3.1. The NILT process was performed by 
placing the P3HT coated Si3Nx grid in a custom made NILT setup, introduced in the results 
section (Figure 2.12) and covering the P3HT film with the PDMS-coated AAO template. A 
screw was used to apply pressure, while the NILT setup was heated to 200 °C and vacuum 
was applied for 24 h. 

2.2.6 P3HT-PS phase separation 

Sample preparation was done as described in literature,14 using a 25:75 weight ratio solution 
of PS and P3HT in CB. TEM grids (carbon film on 200 mesh copper grids, CF200-Cu, EMS 
Diasum) were loaded on a cleaned TEM specimen holder (see section 2.2.3 for the cleaning 
protocol). The P3HT-PS solution was spin-coated on the TEM grids at 2000 rpm for 1 
minute. The coated TEM-grids were submerged in acetone for 1 h to remove the PS and a 10 
mg/ml solution of PCBM in dichloromethane was made. The TEM grids, after submerging 
in acetone, were loaded on a clean TEM specimen holder, where the PCBM solution was 
spin-coated on top at 3000 rpm for 1 minute with a Laurel WS-650-23NPP-LITE Spin 
Coater. 
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Large area overview images of the sample preparation were acquired on a Tecnai G2 Sphera 
microscope (Thermo Fisher Scientific), equipped with a LaB6 and operated at 200 kV. The 
TU/e Acquisition ToolBox20 was used to acquire sets of images, which were stitched together 
using ImageJ.21  

Energy Filtered TEM (EFTEM) analysis was performed using the TU/e Cryo Titan (section 
2.2.2). Sulfur maps were acquired using a slit-width of 20 eV located at 180, 155 and 135 eV 
for the post-edge and 2 pre-edge images, respectively. Analysis of the maps was done in 
Digital Micrograph. To calculate thickness maps, the energy-selective slit width was set at 
10 eV and positioned at 0 eV to acquire a zero-loss filtered image and an unfiltered image 
was acquired after removing the energy-selective slit. Image analysis was done in Matlab, 
using Otsu thresholding to perform the segmentation, and using image erosion and dilation 
to increase and decrease the diameter of the rings used in the image analysis protocol. Details 
can be found in section 2.3.5. 

2.3 Results and discussion 

2.3.1 Direct spin-coating on TEM sample support 

Conventional wet TEM sample preparation of OPV materials utilizes a “floating method”, 
where first the active OPV layer is spin-coated on (indium tin oxide (ITO) coated) glass, 
covered with a water-soluble PEDOT:PSS layer.5-7 Second, the PEDOT:PSS layer is 
dissolved in water, causing the photoactive layer to float on the water surface. The 
photoactive layer can then easily be picked up with a TEM grid, resulting in the TEM sample. 

A drawback of this method is the mechanical force applied to the photoactive layer possibly 
stretching the material or causing other kinds of physical damage. Most importantly, 
however, is the presence of water during TEM sample preparation, which makes it impossible 
to prepare water-free OPV samples. 

An oxygen- and water-free sample preparation method therefore needs to avoid the water-
containing floating step, but the method should not change the overall morphology of the 
photoactive layer, created by spin-coating and thermal annealing.22-23 It is therefore 
advantageous to spin-coat directly on TEM-grids. This omits the use of water in the 
PEDOT:PSS floating process, providing the possibility to create oxygen- and water-free 
samples, and, in addition, will not subject the photoactive layer to the mechanical forces 
indicated above. 

The TEM-grids used are copper grids of 3 mm in diameter, covered with a continuous carbon 
or holey carbon film. Therefore, the difficulty in realizing direct spin-coating on TEM grids 
lies in the small size and the flexibility of the TEM grids, meaning that a (glass) support plate 
is necessary, since one cannot place the TEM grid directly on the spin-coater. However, 
placing a TEM grid (~20 μm thick) on top of a glass plate will disrupt the flow behavior 
during spin-coating, since a non-flat surface is used. This change in flow behavior will 
influence the morphology of the resulting photo-active layer. Therefore, glass plates (5 × 5 
cm) with recesses were created by laser ablation,24 where the recesses exactly match the 
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dimensions of a standard TEM-grid (3 mm in diameter and 20 µm in depth, Figure 2.2a), to 
create a flat surface and to establish the possibility to spin-coat directly on a TEM grid 
without disrupting the flow behavior. The 4 recesses were located at 5, 10, 15 and 20 mm 
from the center of the glass plate, meaning that each grid will undergo different centrifugal 
forces, and variation in thickness between the grids is possible.  

  
Figure 2.2 a) Design of the TEM spin-coating support, where 4 recesses are visible at a different distance from the 
center, exactly matching the dimensions of a TEM grid. b) Design of the clamp, where every grid has 2 contact 
points keeping the TEM grids in place. c) Photograph of the eventual device as is used in the lab. 

Furthermore, to broaden the possibilities, glass plates were made where the recesses matched 
the dimensions of silicon nitride TEM grids (3 mm diameter and 200 µm in depth). These 
TEM grids do not have a carbon support, can tolerate higher temperatures and are more rigid 
than the standard TEM grids, which is preferable for certain sample preparation methods. 

A second difficulty is the centrifugal force that the TEM grids will be subjected to during 
spin-coating. Therefore, it is necessary to design a clamp to hold the TEM grids in place. 
This clamp, however, should also not (significantly) change flow behavior during spin-
coating. Thus, a clamp was created,24 clamping the grids to the glass plates, as far away from 
the grid center, the area of interest, as possible. The long clamp edge was placed parallel to 
the flow direction to create minimal disturbance. In this way possible alteration of flow-
behavior will not affect the area of interest at the center of the TEM-grid. The resulting clamp 
design is shown in Figure 2.2b, while the resulting device is shown in Figure 2.2c. 

In the SEM image in Figure 2.3a, showing a carbon-film covered TEM-grid spin-coated with 
a P3HT:PCBM solution, one can clearly see the location of the contact points of the clamp 
at the right side of the TEM grid, holding the TEM grid down in one of the recesses. However, 
one can also see that there is no visual disruption of flow behavior further away from the 
contact points, showing that the design of the clamp is suitable for this sample preparation 
method, since the clamps are 0.5 to 1 mm away from the area to be investigated, in the middle 
of the grid. Furthermore, the carbon support film is broken in some places, and a thickness 
(intensity) difference is seen, where the thicker region is in the middle part of the grid, in 
between the clamp locations. This indicates that the clamp pushes the grid down, resulting in 
a bended grid, which causes the material to collect in the lower part of the grid. The difference 
in height between the center and the edge of the grid can be seen in Figure 2.4, where the 
height difference between the glass support and the TEM grid is approximately 4 μm. 
Looking at the TEM images in Figure 2.3b, one can see that the intensity also changes within 
each 100 × 100 μm grid square, indicating a modulation of thickness throughout each grid 
square, which could be caused by bending of the carbon film between the grid bars. However, 
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the large scale inhomogeneity in thickness does not affect the sub-micrometer structure, as 
can be seen in Figure 2.3, which shows the typical P3HT:PCBM bulk heterojunction 
morphology.  

 
Figure 2.3 a) SEM image of a TEM-grid directly spin-coated with an OPV bulk heterojunction solution. b) TEM 
overview image of a TEM-grid directly spin-coated with an OPV bulk heterojunction solution. c) Zoomed in TEM 
image of a thicker part of the OPV bulk heterojunction directly spin-coated on a TEM grid. 

In conclusion, a spin-coating support is created to directly spin-coat OPV photo-active layers 
on TEM grids, providing, as much as possible, homogeneous flow-behavior. This spin-
coating approach avoids the aforementioned floating approach and can be placed and 
operated inside a water- and oxygen-free atmosphere inside a glovebox. The spin-coating 
support will further be used to directly create columnar OPV model systems on a TEM grid. 

 
Figure 2.4 The height profile of a copper, carbon-covered TEM grid, in the direction of the spin-coating flow, where 
the highest point indicates the edge of the TEM grid. 

2.3.2 Colloidal self-assembly 

An interesting path to create well-defined model systems is colloidal self-assembly. This self-
assembly method utilizes the tendency of (hard sphere, monodisperse) colloids or 
nanoparticles to organize in an ordered structure, or superlattice, driven by slow drying. This 
slow drying causes the concentration of particles to increase. When the concentration reaches 
a critical volume fraction of around 50%, the free volume available to each particle will be 
higher in an ordered state,18,25 leading to colloidal crystals or superlattices. By changing the 
size, the size ratio and the number ratio of two differently sized particles, this entropy-based 
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self-assembly process can lead to a wide range of different ordered morphologies.26-27 By 
using P3HT and PCBM nanoparticles one should in principle be able to create columnar OPV 
model systems by choosing the right size, size ratio and number ratio. 

Stable P3HT and PCBM nanoparticles have to be prepared to carry out this colloidal self-
assembly method. This can be achieved via a mini-emulsion method.19,28-29 In this method, a 
solution is made of P3HT or PCBM in chloroform. This solution is then added to a 10 mM 
surfactant (SDS) solution. Tip-sonication will ensure the formation of a mini-emulsion, while 
dialysis afterwards is used to remove excess surfactant.  

For the colloidal self-assembly to succeed, the size, shape, and polydispersity index (PDI) of 
the nanoparticles has to be controlled, since monodisperse particles (PDI < 10%) are 
necessary to successfully carry out this entropy driven self-assembly process.25,30-31 The mini-
emulsion method uses a solution of a surfactant in water. Therefore, the process will 
inherently not be water-free. However, nanoparticles could also be prepared by a modified 
mini-emulsion method, using a solution of P3HT or PCBM in chloroform and creating an 
emulsion in ethanol.32-34 Here, the size is mainly controlled by the initial P3HT (or PCBM) 
concentration. The stability and hard-sphere resemblance of these surfactant-free particles is, 
however, unknown. Therefore, the water-containing method is investigated first to check the 
viability of the method for the creation of model systems by a colloidal self-assembly process. 
If proven successful, the nanoparticle synthesis will be changed, using water- and oxygen-
free solvents and a water- and oxygen-free environment. 

Figure 2.5 shows typical DLS spectra of PCBM and P3HT nanoparticles, created via the 
mini-emulsion method using sodium dodecyl sulfate (SDS) as a surfactant. One can clearly 
see that, using the same experimental parameters, the PCBM nanoparticles are smaller than 
the P3HT nanoparticles.  

 
Figure 2.5 DLS spectra of PCBM and P3HT nanoparticles, prepared via a mini-emulsion method. 

The size of both the P3HT and PCBM nanoparticles is dependent on the surfactant 
concentration, as can be seen in Table 2.1. The size of the PCBM particles decreases slightly 
upon increasing the SDS concentration. This is due to the fact that a higher surfactant 
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concentration can stabilize a larger amount of surface area, and hence create smaller particles. 
The same effect is observed for the size of the P3HT particles.  

Table 2.1 Overview of the diameter of PCBM and P3HT nanoparticles, prepared via a mini-emulsion method using 
the same sonication amplitude. The effect of SDS concentration on the diameter of the nanoparticles is shown. 

Changing the sonication amplitude of the device used from 20% to 40%, i.e., adding a larger 
amount of energy during the mini-emulsion preparation, decreases the size of the PCBM 
particles (Table 2.2). The addition of more energy allows for the creation of more surface 
area and, thus, smaller particles. However, increasing the sonication amplitude to 80% does 
not have a further effect on the size of the sample. For the P3HT particles, increasing the 
sonication amplitude from 20% to 40% does not have an effect on the particle size. The lack 
of size decrease in both cases could be due to heat generation, causing the driving force for 
particle agglomeration to be similar to the driving force towards smaller particles. Increasing 
the sonication amplitude to 80% causes the generation of even more heat, causing the driving 
force for particle agglomeration to be larger than the driving force towards smaller particles, 
since the particle size increases at this sonication amplitude.  

Table 2.2 Overview of the diameter of PCBM and P3HT nanoparticles, prepared via a mini-emulsion method using 
a 10 mM SDS solution. The effect of sonication amplitude on the diameter of the nanoparticles is shown. 

Sonication 
amplitude (%) 

Diameter of PCBM 
particles (nm)  

Diameter of P3HT 
particles (nm) 

20 25 ± 16  44 ± 15  
40 20 ± 10  44 ± 24  
80 20 ± 11  50 ± 10  

 
Figure 2.6 shows typical P3HT (Figure 2.6a and Figure 2.6b) and PCBM (Figure 2.6c and 
Figure 2.6d) particles, prepared via the mini-emulsion method. While the PCBM particles 
seem to agglomerate, the shape is still clearly distinguishable as spherical. For the P3HT 
particles however, the shape is more angular, while the particles agglomerate less than the 
PCBM particles.  

Literature shows that this shape is dependent on the molecular weight (Mw) of the P3HT 
molecules,35 and can therefore be tuned to acquire the desired particle shape: When the 
molecular weight is increased, the particle shape changes from spherical through ovoid to 
more angular particles.35 Therefore, a P3HT batch is used with an Mw of 20000 g/mol instead 
of 35000 g/mol. This resulted in P3HT particles with an aspect ratio of 1.57, instead of the 
1.3-1.4 of the higher Mw P3HT particles (Figure 2.7). The particle shape is changed from an 
angular shape to a more ovoid shape, indicating that the molecular weight needs to be lowered 
even further to create spherical particles. 

SDS concentration 
(mM) 

Diameter of PCBM 
particles (nm)  

Diameter of P3HT 
particles (nm)  

10 20 ± 5 50 ± 11 
20 16 ± 7  48 ± 14  
40 15 ± 7  45 ± 22  
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Furthermore, the PDI of both the P3HT and PCBM particles is larger than the desired 10% 
(Table 2.1 and Table 2.2), making it unlikely for the particles to assemble into superlattices. 
To this end, we employed ultracentrifugation (UCF) to reduce the PDI for organic 
nanoparticles. By calculating the sedimentation rate36 and centrifugation time,37 one can find 
the diameter of particles present in the supernatant (see Appendix 2.1). In this case, a rotation 
speed of 12000 rpm was used, leading to a centrifugation time of 192 min to obtain an average 
particle size of 10 nm in the supernatant.  

 
Figure 2.6 a,b) TEM images of dried P3HT nanoparticles. c,d) TEM images of dried PCBM nanoparticles. 

Figure 2.8a shows the size distribution of PCBM particles before and after UCF, where it is 
clearly visible that the average diameter and the width of the size distribution decreases: The 
average diameter decreases from 19 nm to 14 nm, while the standard deviation decreases 
from 7 nm to 3 nm. This means that the PDI decreases from 0.21 to 0.04, a significant 
decrease, where the PDI is now below the upper limit of 10% for the colloidal self-assembly 
process. 
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Figure 2.7 Cryo TEM image of P3HT particles from P3HT with an average Mw of 20000 g/mol. 

Another parameter that is important in the colloidal self-assembly process is the surface 
charge, which can be estimated by measuring the ζ (zeta) potential. The ζ-potential has a 
large influence on the stability of colloidal dispersions, where a larger ζ-potential creates 
more stable dispersions, which is vital at higher concentrations of particles, e.g., at the later 
stages of the drying process, and brings the particles closer towards a hard-sphere model. For 
P3HT and PCBM nanoparticles, the ζ-potential can be controlled by the surfactant 
concentration.38 

 
Figure 2.8 a) Size distribution of PCBM nanoparticles before and after ultracentrifugation, measured from TEM 
images. b) DLS spectrum of P3HT particles where CTAB was used as surfactant during the mini-emulsion method. 

By using SDS as a surfactant, both the P3HT and PCBM particles will have a negative surface 
charge. Changing the surfactant of one of the particles to a positively charged surfactant, e.g., 
cetyl trimethylammonium bromide (CTAB), might open up the possibility to create colloidal 
crystals of oppositely charged particles.39-40 Figure 2.8b shows the DLS spectrum of P3HT 
particles prepared with CTAB, showing a number mean diameter of 165 nm, significantly 
larger than the P3HT particles prepared with SDS, at the same surfactant concentration.  
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These results show that it is possible to create particles of P3HT and PCBM, of which the 
size, PDI and ζ-potential can be controlled. This should in principle provide the possibility 
to create colloidal crystals. However, the range of different sizes is small, and the preparation 
of monodisperse particles is time-consuming. Although the method is promising, we 
therefore decided that this sample preparation method was not suited for our research, i.e. the 
reliable and reproducible preparation of columnar model systems. Furthermore, the effect of 
changing the preparation method to oxygen- and water-free solvents inside an oxygen- and 
water-free environment is not known and could make the preparation method even more 
time-consuming. 

2.3.3 Nanoimprint lithography 

A well-known top-down approach to create columnar OPV model systems is nanoimprint 
lithography (NILT), a technique that is used to replicate nanoscale patterns. Columnar OPV 
model systems can be created using a pattern transfer, from a stamp or mold, to the polymer 
film.17 The resulting features are dependent on the dimensions of the mold or stamp, and 
therefore, in most cases, controllable at the nanometer scale. Examples of stamps are silica 
stamps,15,41 PDMS stamps16,42 or Anodic Aluminum Oxide (AAO) templates,17,43-44 where 
AAO templates have the advantage of cheap preparation and easily controllable feature 
dimensions.45 For these reasons, NILT with AAO templates has been investigated in context 
of this thesis and will be discussed below. With NILT, one is able to create P3HT nanopillars, 
which subsequently can be covered with PCBM by using spin-coating (Figure 2.9).17  

 
Figure 2.9 Schematics of the NILT process, starting with a P3HT-covered TEM grid, on which an AAO template is 
placed. By heating and applying pressure, P3HT columns are formed. After cooling, the AAO template can be 
removed, leading to free-standing P3HT columns. These can be covered with PCBM, by spin-coating. 

NILT is carried out by pushing the AAO template on a (spin-coated) polymer film, in this 
case P3HT. By heating and applying vacuum, capillary forces ensure that the molten polymer 
moves into the AAO features. After cooling, the stamp can be removed, leaving its inverted 
features on the polymer film. Moreover, instead of heat, a solvent-assisted method can be 
used, where the polymer is not completely solvent-free, but still contains some solvent after 
the spin-coating process. By applying pressure without heat, the swollen polymer moves into 
the features of the stamp, again by capillary forces. After further drying by applying vacuum, 
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the stamp or mold can be removed and its inverted features are again transferred to the 
polymer film. PCBM can be spin-coated on the resulting, nanostructured polymer film to 
complete the donor-acceptor columnar model system.  

 
Figure 2.10 a) Static contact angle of an AAO template before coating with PDMS (50°). b) Static contact angle of 
an AAO template after coating with PDMS (110°). 

To ensure that the polymer film can be removed from the AAO template, an anti-friction or 
anti-adhesion layer is necessary. This can be done by coating a thin layer of PDMS on the 
AAO surface.17,46 After this coating process, the contact angle of the AAO templates changes 
from 45-50° to 110°, indicating that PDMS is present at the surface (Figure 2.10). 

 
Figure 2.11 a) SEM image of AAO template before coating with PDMS. b) SEM image of AAO template after coating 
with PDMS. Insets show the same AAO template at a 2.5 times higher magnification. Note the visible scratch in 
Figure 2.11a). 

SEM images (Figure 2.11) show the structure of the AAO features before and after PDMS 
addition, where one can see that the features remain similar after coating with PDMS. 
Furthermore, one can clearly see that the AAO templates damage easily, since scratches are 
present at the surface. These scratches should be avoided since they lead to bad contact 
between the AAO template and the melted polymer film. This will reduce the capillary forces 
and make the NILT process less efficient.  



  
CHAPTER 2 

30 
 

Since the columnar model system must be prepared in a water- and oxygen-free environment, 
the NILT process was performed in a glovebox directly on a TEM-grid, with a P3HT-film 
spin-coated on top. However, standard copper TEM grids are covered with a carbon film, 
which is not likely to be strong enough to withstand the applied pressure during the NILT 
process. As a solution, silicon nitride (Si3Nx) windows on a silicon wafer were used, since 
these are much more rigid than standard copper TEM grids.  

A second challenge is the small size of the TEM grids and the fragility of the AAO templates, 
causing practical limitations, especially when handling the samples in a glovebox. TEM grids 
have a diameter of 3 mm, making it difficult to apply the AAO templates on the TEM grid, 
and hard to ensure that there is no movement between the template and the P3HT film. 
Therefore, a special device was designed and manufactured,24 allowing the template and the 
polymer film on the grid to touch, where the AAO template and the TEM grid are locked in 
position (Figure 2.12). Furthermore, a screw can be used to apply pressure and the setup can 
be closed tightly to apply the vacuum necessary to induce capillary suction.  

 
Figure 2.12 Images of the NILT setup. a) The three small pillars in which the TEM grid and AAO template are 
locked. b) The screw that is used to put pressure on the AAO template. c) The closed setup, allowing the chamber 
to be pumped to vacuum. 

Figure 2.13 shows SEM images of the nanoimprinted P3HT film on a Si3Nx TEM grid. As 
can be clearly seen, the pattern transfer has not been successful. In the SEM images, dots are 
visible, but not nearly as much as there are features in the AAO template.  

 
Figure 2.13 a) SEM image of the P3HT layer on the SiN TEM grid after the NILT process. b) Tilted SEM image of 
the same P3HT layer at a different position. c) AAO template after the NILT process. 

This can be caused by different reasons: 1) a too low pressure is applied by the screw, which 
would mean that TEM grids are not suitable for the NILT process since applying further 
pressure leads to fracture of the Si3Nx windows; or 2) the PDMS coating process was not 
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completely successful, meaning that the P3HT pillars broke off and remained inside the AAO 
template. There are, however, no signs of broken pillars in the SEM images (Figure 2.13c). 
A third option is that, due to small scratches in the AAO template, the template did not fully 
touch the P3HT film, leading to less capillary forces (or none at all). A solvent-assisted NILT 
method showed similar results. Since the problems described are all difficult to overcome, it 
was concluded that NILT is not suited to prepare a columnar OPV model system directly on 
a TEM grid.  

2.3.4 P3HT-PS phase separation 

One solution-based method to prepare columnar OPV model systems utilizes the self-
assembly of polystyrene (PS) with P3HT.14 By changing the solvent, varying the molecular 
weight of P3HT and PS and by changing the P3HT-PS ratio, the dimensions of the P3HT-PS 
columnar morphology can be tuned, to form a P3HT matrix containing phase-separated PS 
islands, where the island size is further dependent on the Mw and the solvent used.47 By 
dissolving the polystyrene in acetone, a P3HT matrix is left, where the empty islands can be 
refilled with PCBM by a second spin-coating step, where PCBM is dissolved in 
dichloromethane, which is a non-solvent for P3HT. Since the self-assembly of P3HT and PS 
is achieved during spin-coating, the process should be reproducible using our direct spin-
coating method on TEM grids. Figure 2.14a shows an image of a self-assembled P3HT matrix 
with PS islands, where 25 wt% PS, with an average Mw of 35000 g/mol has been used. The 
sample was spin-coated directly on a TEM grid covered with a continuous carbon film. This 
leads to PS islands with an average diameter of 262 ± 48 nm. Figure 2.14b shows the P3HT 
matrix after removing the PS with acetone. 

 
Figure 2.14 Low magnification TEM images of a) Low magnification TEM image of a phase-separated mixture of 
P3HT and PS. b) Low magnification TEM image of a P3HT matrix retained by dissolving PS with acetone. c) Low 
magnification TEM image of the resulting P3HT:PCBM columnar model system after spincoating PCBM on top of 
the P3HT matrix. 

The resulting island diameter is 285 ± 58 nm, a slight enlargement as compared to the initial 
P3HT-PS sample. This could be related to the applied measurement approach via Otsu 
thresholding48 and the fact that the islands are now empty. Figure 2.14c shows the P3HT-
PCBM columnar model system, created by spin-coating a layer of PCBM on the P3HT 
matrix. The average diameter of the PCBM islands is 263 ± 61 nm, similar to the initial 
P3HT-PS system.  
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The average diameter of the PCBM islands is much larger than the desired 20 nm in an OPV 
bulk heterojunction, based on the exciton diffusion length of P3HT and PCBM. Our focus, 
however, is on a model system that enables the study of oxygen and water uptake across the 
P3HT-PCBM interface, but not a high power conversion efficiency. Moreover, the large 
feature sizes have the advantage of a clear distinction between the phases, and (S)TEM with 
a lower (spatial) resolution, and thus a lower electron dose, can be used to resolve the uptake 
of oxygen and water.  

Here it is worthwhile to note that in Figure 2.14c, the PCBM islands are the high-intensity 
regions, where in standard OPV bulk heterojunction images, P3HT regions commonly have 
a higher intensity than PCBM regions. The high intensity of the PCBM regions is due to the 
P3HT matrix being thicker than the PCBM islands, leading to an inverted contrast than 
conventionally observed. 

Due to the changes in thickness between the P3HT matrix and PCBM islands, the location of 
the P3HT-PCBM interface is not well-defined in the bright-field image. Therefore, one needs 
to resolve separately the P3HT-PCBM transition and the thickness transition. This can be 
done using EFTEM, where a sulfur map can be acquired that is characteristic for the P3HT 
layer thickness, since P3HT is the only sulfur-containing material in the model system. 
Furthermore, a thickness map can be acquired, which is characteristic for the P3HT and 
PCBM thickness combined. By combining both, the thickness of the individual P3HT and 
PCBM layers can be obtained.  

 
Figure 2.15 a) Sulfur map of a P3HT:PCBM model system. b) Binary mask of the sulfur map shown in a). c) Interface 
mask created form the binary mask in b). d) The overlay of the interface mask in c) on the sulfur map in a), showing 
sulfur intensity values at a certain distance from the P3HT-PCBM interface. e) Dilation and erosion of the interface 
mask leads to rings with different sizes. The average intensity of each set of rings is used to create an intensity profile 
across the P3HT:PCBM interface. 

To derive a transition profile across the P3HT-PCBM interface, or to derive the thickness 
profile, an image analysis method, or smart averaging scheme, is developed (Figure 2.15). 
Figure 2.15a shows a sulfur map of the OPV model system. The calculated transition profile 
will give the average intensities across the P3HT-PCBM interface, possibly resolving 
interface information. The sulfur map in Figure 2.15a is segmented using Otsu thresholding,48 
to find the P3HT-rich and PCBM-rich regions, resulting in the binary mask shown in Figure 
2.15b, where the PCBM-rich islands are shown in white. The outer edge of these islands 
marks the location of the interface between the sulfur-rich and the sulfur-poor regions, i.e., 
the P3HT-PCBM interface. Therefore, this outer edge (Figure 2.15c) is used as an interface 
mask. This mask is multiplied with the initial sulfur map (or thickness map), resulting in 
Figure 2.15d. The average intensity of all the pixels in the outer edge is calculated, giving the 
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average intensity at the center of the transition profile. By shrinking and expanding the 
diameter of the rings (Figure 2.15e), and again calculating the average intensities, one creates, 
point by point, the interface profile across the P3HT-PCBM transition. In the case of the 
sulfur map, this profile indicates the thickness of the P3HT layer, and thus the actual location 
and shape of the P3HT-PCBM interface. 

 
Figure 2.16 a) Sulfur map and b) relative thickness map of the P3HT-PCBM model system. c) The intensity profile 
across the P3HT-PCBM interface as calculated from the sulfur map in a). d) The intensity profile as calculated from 
the relative thickness map in b). e) Schematic of the average feature in the P3HT-PCBM model system, exhibiting a 
sulfur and a thickness interface.  

Figure 2.16 shows a sulfur map and a thickness map of the OPV model system, on which the 
image analysis protocol in Figure 2.15 was performed. A hyperbolic tangent (equation 2.1, 
where I equals the intensity (counts), x the position of the data point (nm, x = 0 is the location 
of the edge of the original sulfur mask), a the lower limit of intensity (counts), b the upper 
limit of intensity (counts), x0 the location of the transition center (nm) and 2w the transition 
width (nm)) was fitted to the data points using a non-linear least-squares fitting protocol. The 
resulting hyperbolic tangent describes the interface profile.49-51 The hyperbolic tangent fits 
are shown in Figure 2.16c and Figure 2.16d, where we see that the center of the interface of 
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the sulfur map is located further away from the island-center than the center of the thickness 
profile. Furthermore, the thickness map shows a less well defined transition than the sulfur 
map.  

𝐼𝐼 = 0.5[(𝑎𝑎 + 𝑏𝑏) + (𝑏𝑏 − 𝑎𝑎) tanh �
𝑥𝑥 − 𝑥𝑥0

2𝑤𝑤
�]                              (2.1)  

Taking both of these results into account, Figure 2.16e shows a schematic of an average 
feature of the P3HT-PCBM columnar model system in cross-section. This model system can 
in principle be used to measure oxygen- and water-uptake using analytical electron 
microscopy, such as STEM-EELS, STEM-EDX and EFTEM. The columnar model system 
ensures that a profile across the P3HT-PCBM interface can be obtained, while the smart 
averaging scheme ensures that low-dose TEM techniques can be used, limiting electron beam 
damage, which will be elaborated on in chapter 3. 

2.4 Conclusions 

In this chapter, we have introduced OPV TEM sample preparation methods that omit the 
conventional PEDOT:PSS floating approach. This was done by creating glass supports for 
TEM grids, limiting the alteration of flow behavior during spin-coating, and by designing a 
clamp that will hold the TEM samples in place, with minimum contact points and minimal 
alteration of flow-behavior during spin-coating. This new method creates the opportunity to 
prepare samples completely oxygen- and water-free. Furthermore, different routes to create 
OPV model systems, with interfaces perpendicular to the sample plain, have been discussed, 
leading to an ultimate sample preparation that can be performed oxygen and water free and 
creates the desired columnar morphology. 

At first, the colloidal self-assembly of P3HT and PCBM seemed a promising route to create 
different morphologies, and we have shown that the size, PDI and ζ-potential can be 
controlled. All these parameters play a part in the self-assembly process, and by tuning these 
one can design OPV morphologies really from the bottom up. However, the range to which 
the sizes can be tuned is too little understood to reliably and reproducibly create columnar 
model systems. 

A suggested solution to create columnar model system, while eliminating the presence of 
water and oxygen, is nanoimprint lithography. Although NILT seemed to be a promising 
technique to create small columnar P3HT features, the NILT process does not work on Si3Nx 
TEM grids. Due to practical difficulties, such as the size of the TEM grids and the AAO 
templates, scratches were present at the AAO template surface, limiting contact between the 
AAO template and the polymer film, restricting the NILT process. Furthermore, Si3Nx TEM 
grids were too fragile to apply more pressure to overcome this problem.  

Therefore, a method has been found that can be performed without the presence of water and 
oxygen, and is not limited by the mechanical strength of the TEM-grid: the phase separation 
of P3HT and polystyrene. This method creates a P3HT matrix which can be filled with PCBM 
after polystyrene removal. Although the size of the PCBM areas is relatively large, this 
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method resulted in promising OPV model systems. Moreover, EFTEM and image analysis 
protocols were used to gain a detailed understanding of the model system morphology, 
analyzing the thickness and transition profile of both the P3HT and PCBM layer. This 
columnar model system enables the direct analysis of the P3HT-PCBM interface and will 
therefore be used throughout the rest of this thesis. 
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Appendix 

Appendix 2.1 Ultracentrifugation 

To calculate the centrifugation time that is necessary to separate PCBM particles of 10 nm, 
first the sedimentation rate has to be determined.36 Afterwards, this sedimentation rate can 
be used to calculate the centrifugation time.37 

To calculate the sedimentation rate s (s−2) of PCBM particles with a size of 10 nm, equation 
A2.1 is used, where dp is the particle size (10 nm), ηs is the solvent viscosity (8.90 kg/s), ρp 
is the particle density (1300 kg/m3) and ρs is the solvent density (1000 kg/m3). This results in 
a sedimentation rate of 3.1×1012 s−2. 

𝑑𝑑p =  �
18 ∙ 𝜂𝜂s ∙ 𝑠𝑠
(𝜌𝜌p − 𝜌𝜌s)

                                           (A2.1) 

This sedimentation rate is used in equation A2.2, where rbnd is the radius point of 
measurement (108.5×10−3 m), rm is the radius of the meniscus (102.5×10−3 m), s is the 
sedimentation rate (3.1×1012 s−2), ω is the angular velocity (1256 rad/s or 12000 rpm) and t 
is the required centrifugation time (s). This results in a centrifugation time t of 11.55×103 s. 
Figure A2.1 shows the origin of both radii. 

ln �
𝑟𝑟bnd
𝑟𝑟m

� = 𝑠𝑠 𝜔𝜔2 𝑡𝑡                                         (A2.2) 

 

 

Figure A2.1 Schematic representation of the radius point of measurement (rbnd) and the radius of the 
meniscus (rm). 



 



 

 

3 
Quantitative analysis of electron beam 
damage in P3HT-PCBM bulk 
heterojunctions 

Abstract 

In Transmission Electron Microscopy (TEM) the interaction of an electron beam with 
polymers such as P3HT:PCBM organic photovoltaics results in electron beam damage, 
which is the most important factor limiting the acquisition of structural or chemical data at 
high spatial resolution. Beam effects can vary depending on parameters such as electron 
dose rate, temperature during imaging, and the presence of water and oxygen in the sample. 
Furthermore, beam damage will occur at different length scales. To assess beam damage at 
the Ångstrom scale, we followed the intensity of P3HT and PCBM diffraction rings as a 
function of accumulated electron dose by acquiring dose series, varying the electron dose 
rate, sample preparation and the temperature during acquisition. From this, we calculated 
a critical dose for diffraction experiments. In imaging mode, thin film deformation was 
assessed using the normalized cross correlation coefficient, while mass loss was determined 
via changes in average intensity and standard deviation, also varying electron dose rate, 
sample preparation and temperature during acquisition. The understanding of beam damage 
and the determination of critical electron doses provides a framework for future experiments 
to maximize the information content during the acquisition of images and diffraction patterns 
with (cryogenic) Transmission Electron Microscopy. 

 

 

 

 

 

This chapter is adapted from the publication: Leijten, Z.J.W.A., Keizer, A.D.A., de With, G., 
Friedrich, H. Quantitative analysis of TEM beam damage in organic thin films. Journal of Physical 
Chemistry C 2017, 121, 10552-10561 
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3.1 Introduction 

Transmission electron microscopy (TEM) is one of the main tools to investigate the 
morphology of materials, from sub-nanometer to micrometer length scales. However, the 
interaction of electrons with materials, and especially beam sensitive structures such as 
polymers,1 biological materials2-3 or zeolites,4 causes different types of radiation damage, 
e.g., atomic displacement, electrostatic charging, sputtering, radiolysis and knock-on 
damage5. These mechanisms operate at different length scales: At sub-nanometer length 
scales, knock-on damage and atomic displacement can result in distorted crystal lattices, 
while morphology changes due to heating, electrostatic charging and sputtering are visible at 
nanometer and micrometer length scales. Hence, for beam sensitive materials, beam damage 
constitutes a physical limit and determines the resolution that can be achieved in imaging, 
diffraction and electron tomography.6 Therefore, it is important to analyze and understand 
beam damage to facilitate the study of these (beam sensitive) materials with a minimum 
amount of artefacts. 

The degradation of crystal lattices, at sub-nanometer length scales, can be studied by electron 
diffraction. It is well established that electron beam damage causes the fading of diffraction 
spots and rings in protein crystallography7 and it has been shown that it is affected by the 
temperature of the material, the electron flux through the material and the accumulated 
amount of electrons transmitting the material.8-15 Furthermore, this effect is easily quantified 
by following the intensity of diffraction rings or spots as a function of accumulated electron 
dose.9,16-20 

The effects of beam damage at nanometer and micrometer length scales are dependent on 
and specific to the utilized imaging mode, but mainly relate to materials loss by sputtering, 
and shrinkage.21-24 The degradation of materials causes artefacts in the form of changes in 
contrast or local intensity, while mass loss will result in an increase in overall intensity.25 In 
literature, this phenomenon is mostly studied by using the difference image of two images 
with different accumulated electron doses.26-27 These techniques, however, are not commonly 
used to follow beam damage over a multitude of images,25 which is essential for, e.g., electron 
tomography.24,28 

The analysis of organic photovoltaics (OPVs) is a good example where beam sensitivity plays 
an important part.28 OPVs contain a photoactive layer, which is composed of different organic 
molecules. Since the morphology of this photoactive layer, i.e., the distribution of molecules, 
including their nanoscale phase separation, has a large impact on the overall efficiency of 
OPVs, TEM has become a standard characterization tool. Common OPV materials are, e.g., 
poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM). These 
materials show diffraction rings instead of diffraction spots, resulting from the random 
orientation of crystallites or the presence of amorphous phases. Therefore, radial averaging 
of diffraction patterns is a suitable way to record and analyze the intensity change of P3HT 
and PCBM diffraction signals29 upon electron beam damage. 
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In the analysis of OPVs, TEM samples are usually created by floating the photoactive layer 
on water from a water-soluble polymer film.30 The resulting water that is present in the 
sample might play a role in beam damage mechanisms as well, for example, by creating 
oxygen radicals. An oxygen- and water-free sample preparation method is therefore 
introduced to specifically study the influence of sample preparation. 

In this chapter, beam damage is studied in both diffraction and bright field imaging, 
investigating the effect of electron dose rate, temperature and sample preparation. More 
specifically: 1) beam damage of the crystallinity is quantified via radially averaged 
diffraction patterns; 2) mass loss is assessed via changes in intensity and standard deviation 
of the mean intensity and 3) shrinkage is determined by monitoring the movement of markers, 
while a method is introduced to determine shrinkage or expansion via the use of the 
normalized cross correlation. 

3.2 Experimental section 

3.2.1 Materials 

Poly(3-hexylthiophene), P3HT (Plexcore OS2100) was supplied by Plextronics, while 
PCBM ((6,6)-Phenyl-C61-butyric acid methyl ester, purity 99%) was purchased from Solenne 
B.V. and the solvent ortho-dichlorobenzene (oDCB) from Sigma Aldrich. PEDOT:PSS 
(Clevios P VPAl 4083) was purchased from Heraeus GmbH. TEM grids (Quantifoil, R2\2 
200-mesh Cu) were purchased form Quantifoil Micro Tools GmbH. All materials were used 
as purchased.  

3.2.2 Sample preparation 

P3HT and PCBM were dissolved in oDCB, resulting in a solution with 1 wt% P3HT and 1 
wt% PCBM. The solution was stirred at 70 °C for 24 hours to ensure complete dissolving of 
the materials. 

A custom made specimen holder was used to facilitate direct spin-coating on TEM grids (see 
Chapter 2 for more details). The specimen holder, and 25×25 mm glass plates, were cleaned 
by 1) ultrasonication in acetone for 30 minutes, 2) rubbing with soap and rinsing with 
demineralized water, 3) ultrasonication in isopropanol for 30 minutes and 4) UV-ozone for 
30 minutes.  

The conventional sample preparation method proceeded via the following steps. First, 
PEDOT:PSS was spin-coated on the 25×25 mm glass plates, at 3000 rpm for 60 seconds, 
resulting in a 50 nm thick water soluble layer. The P3HT:PCBM solution was subsequently 
spin-coated at 2000 rpm for 120 seconds which resulted in a 25 nm thick layer. The OPV 
thin films prepared on the PEDOT:PSS spin-coated glass plates were submerged in water to 
dissolve the PEDOT:PSS layer, resulting in an OPV thin film floating on a water surface. 
This film was picked up on a glow-discharged TEM grid, dried at room temperature and 
subsequently annealed in air at 120 °C for 10 minutes. After floating of the OPV layer on 
water and picking up the layer by the TEM grid, there is a small chance that some 
PEDOT:PSS will remain on the sample surface. However, due to the small surface to volume 
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ratio the diffraction and imaging experiments are dominated by the bulk information, 
including oxygen and water which can penetrate into the bulk. Furthermore, this adds a 
significant advantage to the new direct spin-coating method, since there certainly will be no 
PEDOT:PSS present during this method. In one of the conventional prepared samples, silver 
particles (~10 nm diameter, dissolved in toluene with oleylamine as capping agent) were 
added to the P3HT:PCBM solution before spin-coating.  

To exclude the presence of oxygen and water in the OPV thin film, another approach was 
followed. Here, the OPV thin film was directly spin-coated on a TEM grid inside a glovebox 
(M-Braun Labmaster Glove Box System) at 500 rpm for 10 minutes. The directly spin-coated 
samples were annealed at 120°C for 10 minutes inside a glovebox. Note that the direct spin-
coating method is not used as an alternative to OPV device fabrication, but as an alternative 
TEM sample preparation method. It is not possible to achieve water and oxygen free TEM 
analysis by preparing a sample using the common floating method, hence the need for a direct 
spin-coating method. For clarity, the sample code used in the results section, is given in 
Table 3.1. 

Table 3.1 Sample code used in results section. x represents the electron dose rate used in e/Å2s. 

 

 

3.2.3 Microscopy 

The samples were loaded into the TU/e Cryo Titan (Thermo Fisher Scientific), which was 
operated at 300 kV and is equipped with a field emission gun. Diffraction patterns were 
acquired at dose rates of 0.1, 1, 10 e/Å2s, with exposure times of 5, 0.5 and 0.05 seconds 
(keeping the total dose per acquisition constant), at a camera length of 1.15 m. For the bright 
field imaging experiments, the dose rates were set at 1, 10 and 100 e/Å2s, with exposure times 
of 5, 0.5 and 0.05 seconds (again, keeping the total dose per acquisition constant), 
respectively, at a magnification of 18×103. For high accumulated dose experiments, the 
screen was flipped down to realize constant irradiation and flipped up to acquire intermediate 
images. 

3.2.4 Data analysis 

Diffraction patterns were radially averaged using an in-house Matlab script (details in 
Appendix 3.1) and fitted by a non-linear least squares method using the lsqnonlin command 
in Matlab (details in section 3.3).  The signal intensity of P3HT (at 0.256 Å−1) and PCBM (at 
0.217 Å−1) were normalized to their initial intensity and followed as a function of 
accumulated electron dose.  

Prior to further analysis, bright field images were aligned via cross-correlation to avoid 
processing artifacts from sample drift. The aligned data stack was cropped to the overlap area 

Sample preparation Cryogenic 
conditions 

Room 
temperature 

Common floating approach CF/Cryo/x CF/RT/x 
Direct spin-coating DS/Cryo/x DS/RT/x 
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present in all images for analysis. From the resulting aligned stack of images, the average 
intensity, standard deviation and the normalized cross correlation coefficient with the first 
image of the series was measured as a function of accumulated electron dose.  

Finally, to assess local deformations, the aligned stack was cut into 16 sub-areas of equal 
size. These sub-area stacks were individually aligned via cross correlation. From this 
alignment, the shift of each individual sub-area with respect to the first image in the x and y 
direction was used to calculate the displacement of each sub-area. Furthermore, the relative 
displacement from the center of the total image was calculated, by measuring the distance 
between the center of the sub-area and the center of the total image. More details can be 
found in section 3.3.3 and Appendix 3.2. 

3.3 Results and discussion 

Figure 3.1a shows a diffraction pattern obtained from a typical P3HT:PCBM bulk 
heterojunction prepared via the conventional sample preparation method (CF/RT/10), before 
and after exposure to 50 e/Å2 at room temperature. It is evident that the sharp outer ring, 
depicting the (020) lattice spacing in P3HT, is decreasing in intensity faster than the broad 
inner ring, characterizing PCBM nanocrystals, which is in agreement with previous studies.17 
Since the PCBM is inherently broader than the P3HT ring, indicating a large part of PCBM 
being amorphous, a slower decrease in diffraction intensity for PCBM is expected.  

 
Figure 3.1 a) Fading of diffraction rings of a P3HT:PCBM bulk heterojunction at room temperature, before and 
after exposure to 50 e/ Å2. b) Radial average of diffraction pattern as shown in a) decomposed in its different 
components by least-squares fitting. The goodness of fit (R2) for the model is 0.9985. 

In Figure 3.1b the radially averaged diffraction pattern of the P3HT:PCBM bulk 
heterojunction is presented. To quantitatively analyze the decrease in intensity as a function 
of accumulated electron dose it is necessary to separate neighbouring peaks. Therefore, to 
independently address the intensity of the PCBM peak at 0.217 Å−1 and the P3HT peak at 
0.256 Å−1, the spectrum was fitted to a model function by non-linear least-squares fitting. 
This function contains (in the same order as in equation 3.1): a Gaussian describing the 
PCBM peak, a Gaussian describing the P3HT peak, a Gaussian located between 0.285 Å−1 
and 0.323 Å−1 describing (inseparable) secondary components of both P3HT and PCBM,28,31 
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a power law to estimate the inelastic background and a constant representing residual dark 
current in the diffraction patterns. The variables a1 and a2 describe the intensity of the PCBM 
and P3HT signal, respectively. 

𝐼𝐼 = 𝑎𝑎1 e
−(𝑥𝑥−𝑏𝑏1)2

2𝑐𝑐1
2 + 𝑎𝑎2 e

−(𝑥𝑥−𝑏𝑏2)2

2𝑐𝑐2
2 + 𝑎𝑎3 e

−(𝑥𝑥−𝑏𝑏3)2

2𝑐𝑐3
2 + 𝐷𝐷 𝑥𝑥−𝛾𝛾 + 𝐸𝐸                    (3.1) 

3.3.1 Effect of dose rate in diffraction mode 

To study the effect of electron dose rate on the decrease of intensity of P3HT and PCBM 
diffraction rings, dose series were acquired at various dose rates, i.e., 0.1, 1 and 10 e/Å2s. The 
dose per image was kept constant at 0.5 e/Å2 by adjusting the exposure time accordingly. 
Due to differences in absolute peak height for PCBM and P3HT, and changes in 
PCBM/P3HT ratio in different regions of the sample, all peaks were normalized to the peak 
intensity of PCBM (a1

0) and P3HT (a2
0) of the initial diffraction pattern (a1,2

0).  

Figure 3.2 shows the decrease in relative intensity (a1,2
i/a1,2

0) for P3HT (a) and PCBM (b) 
acquired at three different dose rates (CF/RT/x), in the presence of water and oxygen. The 
results confirm that the relative intensity of the P3HT diffraction ring decreases faster than 
the relative intensity of the PCBM diffraction ring, as seen in Figure 3.1a. In all three cases 
the critical dose for P3HT, which we define by the accumulated electron dose at which the 
relative intensity decreases to 1/e (~37%), is about 16-19 e/Å2 (Table 3.2), as calculated from 
an exponential decay fit. Most notably, changing the electron dose rate from 0.1 to 10 e/Å2s 
has no significant effect on the fading of the diffraction rings, i.e., the critical dose. 

 
Figure 3.2 Fading of relative diffraction intensity (a/a0) as a function of accumulated dose for a) P3HT and b) 
PCBM at different dose rates. For visibility reasons every 3rd data point is shown. 

The critical dose of PCBM was obtained by an exponential decay extrapolation of the curves 
in Figure 3.2b (details are presented in Appendix 3.3). Therefore, the critical dose for PCBM 
is less well defined than the critical dose for P3HT.  

Table 3.2 shows that this critical dose is between 265 and 412 e/Å2. Despite the large error 
due to extrapolations it is clearly shown that the critical dose of PCBM is more than 10 times 
larger than the critical dose of P3HT. Therefore, in this system, the stability of P3HT is the 
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limiting factor. The results show that, using a dose of 0.1 e/Å2 per image, at least 160 
diffraction patterns can be acquired, opening up the possibility of using high electron dose 
techniques such as electron diffraction tomography for organic crystals.29,32 To complement 
the presented results, studies on beam damage effects for each component individually and 
nanocomposites of different ratios should be considered. This is however beyond the scope 
of this thesis. 

Table 3.2 Critical doses of P3HT and PCBM diffraction ring intensity fading to 1/e for three dose rates, in e/Å2, 
inter- or extrapolated from an exponential decay fit. 

 

 

In summary, dose rates between 0.1 and 10 e/Å2s do not have an effect on the rate of relative 
intensity loss of both P3HT and PCBM. This is in agreement with previous studies on the 
decrease of features in the EELS spectrum of other organic materials,33-35 but in contrast with 
observations of Karuppasamy et al. in single-particle cryo-electron microscopy.25 Note that 
Karuppasamy et al. used an electron microscope operating at 120 kV, significantly decreasing 
the inelastic mean free path. At 300 kV, as in our experiments, changing the sample thickness 
or increasing the electron dose rate to values above 10 e/Å2s might therefore cause an electron 
dose rate effect on sample damage. Nonetheless, this falls beyond the scope of this paper and 
is therefore not investigated. 

As the decrease in diffraction intensity is related to the breaking of chemical bonds, beam 
damage will change the HOMO and LUMO levels of OPV materials, which can be measured 
with electron energy loss spectroscopy (EELS).17,36-38 Based on the low-loss EELS results 
presented in reference 17, a critical dose can be estimated which is similar to our diffraction 
results. This clearly illustrates the close relationship between diffraction intensities and 
energy levels in OPV materials with low-dose diffraction being somewhat simpler to carry 
out and more broadly available for critical dose measurements. 

3.3.2 Effect of temperature and sample preparation in diffraction mode 

The above results were obtained with a standard OPV bulk heterojunction sample imaged at 
room temperature. Additional dose series were acquired in cryogenic conditions, as this has 
been shown to reduce beam damage in beam sensitive materials.10,12,27 We furthermore 
studied the effect of sample preparation using either the conventional sample preparation 
method (CF) or by direct spin-coating (DS) on a TEM grid in a water- and oxygen-free 
environment (glovebox), facilitated by a custom made TEM specimen holder, as described 
in Chapter 2.  

Figure 3.3 shows the influence of temperature and sample preparation on the decrease of 
relative intensity of the P3HT (a) and the PCBM (b) signal, with a dose per image of 0.5 e/Å2 

acquired with a dose rate of 10 e/Å2s. It is clearly visible that the sample CF/Cryo/10 shows 
a slower fading of the diffraction signal for both the PCBM and the P3HT signal. The critical 
dose increases from ~16 e/Å2 at room temperature to ~108 e/Å2 at a temperature of 80 K 

Signal CF/RT/0.1 CF/RT/1 CF/RT/10 
P3HT 18 ± 1 19 ± 1 16 ± 1 
PCBM 265 ± 3 412 ± 5 392 ± 1 
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(Table 3.3). Hence, cryo-preservation is shown again to be essential in the analysis of beam 
sensitive materials.9-10,27 More importantly, having a quantitative criterion or threshold for 
determining exposure limits as presented here, will provide a framework to maximize useful 
information before beam damage influences the validity of acquired data.  

 
Figure 3.3 Fading of relative diffraction intensity (a/a0) for a) P3HT and b) PCBM as a function of accumulated 
dose, showing the effect of sample preparation at room temperature (RT) and at 80 K (cryo). A dose rate of 10 e/Å2s 
was used. For visibility reasons, every 5th data point is shown. 

Sample preparation effects, i.e., the presence or absence of oxygen and water, are only minor 
at room temperature. However, at cryogenic conditions, the rate of relative intensity loss for 
P3HT (Figure 3.3a, purple triangles) is significantly decreased by a water- and oxygen-free 
sample preparation method (DS/Cryo/10), increasing the critical dose from ~108 e/Å2 to 
~188 e/Å2 (Table 3.3). A detailed analysis of the significance of these results is presented in 
Appendix 3.4.  

Table 3.3 Critical doses of P3HT and PCBM at a dose rate of 10 e/Å2s at room temperature and cryogenic conditions 
prepared by either a conventional floating approach or an oxygen and water free preparation method. 

 

 

 

The observed difference in critical dose for P3HT and PCBM with or without oxygen and 
water being present at low temperatures may be related to trapped oxygen and water 
molecules. These molecules will form radicals upon electron beam irradiation, thus 
decreasing the crystalline order at lower accumulated electron doses. Due to the fact that the 
samples have been in high vacuum for at least 30 minutes before imaging, it is expected that 
water and oxygen will diffuse out of the material at RT conditions and thus only be present 
in small amounts in the imaged thin film. This explains why sample preparation seems to 
have little influence when measuring at room temperature. For cryogenic conditions the 
exclusion of water and oxygen significantly improves the stability of P3HT exposed to an 
electron beam. Furthermore, for the room temperature experiments, annealing in air might 

Signal CF/RT/10 DS/RT/10 CF/Cryo/10 DS/Cryo/10 
P3HT 16 ± 1 21 ± 1 108 ± 1 188 ± 1 
PCBM 392 ± 1 372 ± 4 596 ± 4 766 ± 6 
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cause minor damage. This also could explain the observed critical dose, causing the critical 
dose for the CF/RT/10 to be lower than the critical dose for DS/RT/10. 

The values in Table 3.3 also suggest that a water- and oxygen-free method increases the 
critical dose of PCBM in cryogenic conditions. In this case, a linear extrapolation was used, 
since the adjusted R2 value for the exponential decay fits were too low (0.85 (exponential fit) 
compared to 0.95 (linear fit)). Since the PCBM intensity decay will probably not behave in a 
linear fashion, one could suggest that the difference between the PCBM critical doses at 
cryogenic conditions is therefore not significant. Since PCBM is more hydrophobic than 
P3HT, and it is known that P3HT forms a charge-transfer complex with oxygen,39 it can 
indeed be expected that the presence of water and oxygen has less influence on the decay of 
the PCBM diffraction ring.  

3.3.3 Effect of dose rate in imaging mode 

In imaging mode, beam damage can present itself as 1) shrinkage or expansion of an organic 
thin film40 and 2) sample thinning due to mass loss.24 Both effects were measured by 
acquiring dose series of samples prepared by CF and DS methods. These series of images 
were acquired at different dose rates and at either room temperature or cryogenic conditions. 
To study sample deformations, the normalized cross correlation coefficient (NCCC) of an 
image with respect to the first image within the series was calculated. Sample thinning due 
to mass loss was assessed by the relative decrease in average pixel intensity and the 
accompanying standard deviation. 

 

Figure 3.4 a) The cross correlation coefficient with respect to the first image of three dose series (1, 10 and 100 
e/Å2s) as a function of accumulated dose. For visibility reasons, every 3rd data point is shown. b) The cross 
correlation coefficient with the first image of a dose series acquired at 10 e/Å2 at room temperature, starting at 750 
e/Å2. An exponential fit is added to calculate the critical dose.  

Figure 3.4a shows the decrease of the NCCC with respect to the original image as a function 
of accumulated dose at dose rates of 1, 10 and 100 e/Å2s (CF/RT/x). Local differences in 
thickness, small deviations in intensity due to microscope instabilities and high contrast 
contaminations cause the NCCC to start at different values for each series. Therefore, the 
trend of the curves is studies instead of the absolute NCCC values. It is clearly visible that 
the NCCC drops quickly before a more stable regime is reached after approximately 150-180 
e/Å2, as calculated from the intersect of two linear fits; one fitted to the first 50 e/Å2, and one 



 
CHAPTER 3 

50 
 

fitted between 750 and 1000 e/Å2 (for details, see Appendix 3.5). Identical fit regimes were 
chosen in every experiment to ensure a fair comparison between data sets, at room 
temperature and at cryogenic conditions.  

For CF/RT/100, the quick initial drop is less evident (a slope of (−6.73 ± 0.04)×10−4 as 
compared to (−1.32 ± 0.04)×10−3 and (−1.67 ± 0.05)×10−3 for CF/RT/1 and CF/RT/10, 
respectively), which is likely caused by pre-exposure with a higher dose before starting the 
dose series. An exposure of 0.25 seconds to check that there was no carbon film in the entire 
field of view caused a pre-exposure of 0.25 and 2.5 e/Å2 for the CF/RT/1 and CF/RT/10 
samples, respectively, which is small compared to the dose limit. However, for the 
CF/RT/100, this pre-exposure will be 25 e/Å2. This will cause significant damage, and 
therefore the NCCC for the last image will be higher, as the first image is already more 
damaged. 

After the cut-off dose is reached, a more stable second regime starts, as indicated by a much 
smaller slope (~ −1×10−4). Since the cut-off dose and the slope of the second regime is fairly 
similar between dose rates of 1 to 100 e/Å2s, it is concluded that the dose rate effect is 
negligible, similar to the diffraction data. 

Although the slope of the second damage regime is much smaller, beam damage still occurs. 
In a similar way as introduced for the diffraction data, a quantitative criterion can be set to 
calculate the critical dose, at which the initial NCCC decreases with a factor of e. To estimate 
this critical dose for imaging, a dose series is acquired at 10 e/Å2s, reaching an accumulated 
dose of 30000 e/Å2. An exponential decay curve is fitted to the NCCC decay of this dataset, 
starting at 750 e/Å2 to exclude effects from the first damage regime. Calculating the critical 
dose imaging results in a value of (2.6 ± 0.2)×103 e/Å2 (for details, see Appendix 3.6).  

Since the NCCC is a measure of similarity, it will entail amongst others sample deformation 
and contrast loss or intermixing. To show that the initial drop in NCCC is caused by sample 
deformations, the stack of aligned images acquired at 10 e/Å2s was cut into 16 equal sub-
images (Figure 3.5a), and these different sub-images were aligned by the NCCC to the next 
image of the dose series. This approach facilitates the measurement of displacement of each 
sub-image, i.e., expansion or contraction of the thin film as a function of accumulated dose. 
The results of this analysis are plotted in Figure 3.5b. It is clearly visible that the displacement 
of the sub-images at the corners and edges of the stack is larger than the displacement of the 
sub-images at the center of the stack (Figure 3.5b), indicating movement to or from the center 
of the stack. Calculating the relative increase in distance between the center of each sub-
image and the center of the total image results in a shrinkage of 0.70 ± 0.14% at an 
accumulated dose of 1000 e/Å2. The validity and accuracy of the method above has been 
proven against an approach that uses the movement of high contrast silver makers to 
determine shift, as presented in Appendix 3.2.  
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Figure 3.5 a) Schematic representation of cutting a stack of images in 16 parts (left to middle) and using the cross 
correlation to find the shift in 1 part of the image compared to the original image (right), as a representation of 
shrinkage or expansion. b) The average shift of the 4 corner sub-areas, the 8 edge sub-areas and the 4 center sub-
areas, acquired at 10 e/Å2s. c) Relative decrease in standard deviation of the mean intensity as a function of 
accumulated dose for samples prepared by the common floating approach at room temperature, at three different 
dose rates. For visibility reasons, every 5th data point is shown in b and c. 

As a different measure to assess beam damage we quantify the change in average intensity, 
which can be interpreted as a change in mass-thickness due to either mass loss or 
deformations of the thin film. To minimize the effects of microscope instabilities, two low 
magnification overview images were taken, before and after the dose series. From these two 
images the intensity ratio of the non-illuminated and illuminated region before and after the 
series was calculated (Table 3.4). Due to the occurrence of lateral shrinkage, one would 
expect the sample to become thicker (assuming volume preservation), since material is 
moving towards the center. This would result in a lower average intensity. However, Table 
3.4 shows an insignificant change in intensity, which can be explained by the fact that the 
relative shrinkage is small. Furthermore, thinning caused by mass loss will increase the 
average intensity, compensating for the thickening effect of shrinkage. Before and after 
images are shown in Appendix 3.7. 

Lastly, Figure 3.5c shows the relative decrease in standard deviation of the mean intensity of 
the aligned images. Shrinkage would result in a higher standard deviation, since more data 
will move into the field of view. It is, however, clear that the standard deviation decreases, 
again pointing out that mass loss plays a significant role in beam damage processes. The fast 
drop in relative standard deviation at the onset of beam damage might be caused by quick 
mass loss of material at the surface of the sample removing sample roughness. After this 
initial drop, a more stable regime is reached where mass loss plays a less significant role 
since the sample has reached a more equilibrated state. 
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Table 3.4 The relative increase in intensity ratio between an illuminated and a non-illuminated area before and 
after imaging at three different dose rates, at room temperature with samples prepared by the common floating 
approach.  

 

 

From this, we can again conclude that in imaging mode a dose rate between 1 and 100 e/Å2s 
has a negligible effect on beam damage.  Furthermore, we can conclude that the minimal pre-
exposure of polymer thin films or microtome sections, often applied prior to acquiring 
electron tomography datasets,41 can now be quantified to limit artefacts in imaging. During 
this regime, mass loss and shrinkage occur, while after this regime, a second regime will set 
in, significantly reducing the rate of electron beam damage at higher doses. Furthermore, a 
critical dose in imaging is calculated, which results in a critical dose of more than 2500 e/Å2. 
Even when the cut-off dose of the first damage regime is subtracted, this leaves more than 
enough dose available for acquiring tomography datasets (e.g., tilting from −70° to +70° in 
1° steps, with 10 e/Å2 per image results in a total dose of 1410 e/Å2).  

3.3.4 Effect of temperature and sample preparation in imaging mode 

Figure 3.6a shows the decline of the NCCC with respect to the first image as a function of 
accumulated dose, for series acquired at room temperature and cryogenic conditions, and 
prepared by either the CF or DS method. These series were acquired with a dose rate of 10 
e/Å2s. Comparing the room temperature measurements, one can see that the decrease in 
NCCC in the first regime does not significantly change for the DS method, as the calculated 
slope is (–1.57 ± 0.12)×10−3 compared to (−1.67 ± 0.05)×10−3 for the CF method. However, 
the cut-off between the two damage regimes decreases from 156 ± 9 to 96 ± 12 e/Å2. This 
indicates that the rate of damage is similar for both the CF and the DS method, but that the 
total damage in the first regime will be smaller for the DS method (the relative decay of 
NCCC at the cut-off dose decreases from 24% for the CF method to 15% for the DS method), 
indicating a more stable system. 

The second, more stable regime shows a relatively constant NCCC for the DS method, since 
the slope of this regime decreases from (−12.7 ± 0.3)×10−5 for the CF method to (−6.9 ± 
0.2)×10−5 without water and oxygen present. The critical dose therefore increases from (2.6 
± 0.2)×103 e/Å2 for the CF method to (5.0 ± 0.4)×103 e/Å2 for the DS method (for details, see 
Appendix 3.5 and 3.6). This again indicates that the DS method will create a more stable 
system during electron beam radiation.  

Figure 3.6c shows the displacement of parts of the images acquired at room temperature, by 
using the alignment method as described before. It is clearly visible that by using the DS 
method, the shrinkage of the thin film decreases significantly, from 0.70 ± 0.18% to 0.40 ± 
0.14%. Figure 3.6b shows the decrease of relative standard deviation of the mean intensity. 
The sample prepared by the DS method is more stable, since it is clear that the absolute 
decrease in relative standard deviation is smaller for this method. Just as the NCCC 

 CF/RT/1 CF/RT/10 CF/RT/100 
Intensity 

increase (%) 0.57 ± 3.1 0.16 ± 2.6 0.22 ± 2.6 
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behaviour, a second more stable regime sets in. The smaller slope in this regime for the DS 
method (Figure 3.6b, black squares vs red circles) indicates a larger stability. All in all, this 
leads to the conclusion that, at room temperature, an oxygen and water free sample 
preparation method significantly enhances sample stability. After subtracting the initial pre-
exposure regime, an electron dose of 5×103 e/Å2 is still available before reaching the critical 
dose imaging, which is about twice as much as for a sample prepared by the CF method. 
Furthermore, since the relative decay of NCCC at the cut-off dose is smaller for the DS 
method, the acquired dataset in the second regime will show the most resemblance to the 
sample in the initial, non-damaged state.  

 
Figure 3.6 a) The decrease in NCCC with respect to the first image for dose series acquired at 10 e/Å2s, at room 
temperature and at cryogenic conditions, from samples prepared by either the conventional floating method or the 
oxygen and water free method. b) The cross correlation with the first image of a dose series acquired at 10 e/Å2 at 
room temperature of a sample prepared by the oxygen and water free method. An exponential fit is added to calculate 
the critical dose. c) The mean squared displacement of the 12 edge sub-areas and the 4 center sub-areas calculated 
by alignment via cross correlation. The images were acquired at 10 e/Å2 at room temperature from a sample 
prepared by either the common floating approach or the oxygen and water free method. d) See c, but for images 
acquired at cryogenic conditions. For visibility reasons, every 5th data point is shown. 

Figure 3.6a also shows the evolution of the NCCC as a function of accumulated dose in 
cryogenic conditions. Clearly, the two damage regimes remain visible. The slope of the first 
regime decreases from (−1.57 ± 0.12)×10−3 for DS/RT/10 to  (−9.25 ± 0.76)×10−4 for 
DS/Cryo/10 and to a minimum of  (−9.53 ± 0.57)×10−4 for CF/Cryo/10. This indicates that 
cryo-preservation could be useful when acquiring small data-sets with a low total dose, since 
the NCCC changes more slowly, and one can therefore acquire images as close as possible 
to the original, non-damaged state. The effect of water and oxygen seems minimal in this 
case.  
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The cut-off between the two damage regimes increases from 156 ± 9 e/Å2 for CF/RT/10 to 
219 ± 19 and 271 ± 28 e/Å2 for CF/Cryo/10 and DS/Cryo/10, respectively. With a relative 
decay of 19% at the cut-off dose for CF/Cryo/10, in comparison to 37% for DS/Cryo/10, it 
can be concluded that for small datasets, using relatively low doses, a conventional floating 
method at cryogenic conditions is best applicable, since the NCCC decreases more slowly 
over a larger amount of dose. 

In cryogenic conditions, the second regime behaves differently in comparison to room 
temperature conditions, since the NCCC is increasing again. Therefore, it was impossible to 
determine a useful critical dose imaging, based on an NCCC decay by a factor of e. The 
increase in NCCC can be explained by an inversion of the displacement, i.e., initial shrinkage 
followed by expansion or vice versa. This is confirmed by the displacement of sub-areas, 
shown in Figure 3.6d. At an accumulated dose of 400 e/Å2, the relative shrinkage is calculated 
to be −0.39 ± 0.16% and −0.79 ± 0.42% for CF/Cryo/10 and DS/Cryo/10, respectively. This 
means that the sample will expand first, before it starts to shrink, in contrast to room 
temperature conditions where shrinkage occurs directly from the onset of beam damage. 
Whether a stable regime will appear after shrinkage in cryogenic conditions, just as in room 
temperature conditions, is not investigated. 

Due to the initial expansion, one would expect an initial decrease in standard deviation, since 
the information of less material will be spread over the same amount of pixels. This effect is 
seen in Figure 3.6b. However, for the CF/Cryo/10 sample, this effect is minimal. Local mass 
loss, which is expected since oxygen and water can be removed easily, will increase the 
standard deviation, explaining the smaller decrease in relative standard deviation. 

In cryogenic conditions, in contrast with room temperature conditions, the sample seems to 
be destabilized by an oxygen- and water-free sample preparation method. Furthermore, even 
without oxygen and water being present, the stability at high doses is less in cryogenic 
conditions than at room temperature. Further details on intensity changes of areas before and 
after exposure can be found in Appendix 3.7.  

3.4 Conclusions 

By combining diffraction and imaging data we have investigated electron beam damage 
effects in P3HT-PCBM thin films over multiple length scales. Analysis of the fading of 
electron diffraction rings allows us to quantify the beam sensitivity of each component of the 
nanocomposite individually. This shows that PCBM is 15 times more stable based on the 
criterion of the critical dose diffraction, i.e., the accumulated electron dose at which the 
intensity of the corresponding diffraction ring decreases with a factor of e. For electron dose 
rates between 0.1 and 10 e/Å2s, no dose rate effects are observed. Cryo-preservation increases 
beam stability of both materials with the critical dose for P3HT significantly increasing from 
16 e/Å2 to 108 e/Å2, and the critical dose for PCBM increasing from 392 e/Å2 to 596 e/Å2. 
Most importantly, it is shown that excluding water and oxygen during sample preparation 
further improves the beam stability of these materials, reaching a critical dose of 188 e/Å2 
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for P3HT, which corresponds to a ten-fold increase over conventional sample preparation 
and room temperature diffraction. 

Beam damage in imaging mode was analyzed in terms of mass loss and thin film 
deformations. The normalized cross correlation coefficient (NCCC) between images contains 
contributions from amongst others contrast loss and intermixing of phases. Here, the NCCC 
is used to assess sample deformation, as the NCCC is followed as a function of accumulated 
dose. Firstly, it is shown that the dose rate effect is negligible for dose rates between 1 and 
100 e/Å2s. Secondly, experiments at room temperature show a quick initial decrease in 
NCCC before a stable second regime is reached. In this first regime, shrinkage and mass loss 
occurs, as shown via the movement of sub-images and changes in relative standard deviation. 
The second, more stable regime is used to calculate a critical dose imaging, defined by the 
dose at which the initial NCCC is decreased with a factor of e. An oxygen- and water-free 
sample preparation method increases this critical dose imaging from 2600 to 5000 e/Å2. 
Furthermore, since the relative decay of the NCCC at the cut-off dose is lowest in oxygen- 
and water-free conditions, data acquired in this second regime will be closest to the sample 
in a non-damaged state.  In cryogenic conditions, the first regime shows a slower decrease of 
the NCCC, indicating that the first regime is more stable than in room temperature conditions. 
In the second regime however, the NCCC increases again. This is due to the fact that, after 
an initial expansion of the thin film, the sample starts to shrink.  

In summary, we suggest to use an oxygen- and water-free sample preparation method 
combined with cryogenic conditions in diffraction mode, while for imaging an oxygen- and 
water-free sample preparation method is best suited combined with data acquisition at room 
temperature (high total doses, large datasets) and a conventional floating method is best 
suited for cryogenic condition (small total doses, small datasets). We believe that the 
quantitative analysis of TEM beam damage as illustrated here will become a standard tool to 
optimize TEM imaging conditions and sample preparation protocols in the future. 

  



 
CHAPTER 3 

56 
 

References 

1. Ahn, H.; Oblas, D. W.; Whitten, J. E. Electron irradiation of poly(3-hexylthiophene) films. 
Macromolecules 2004, 37, 3381-3387 

2. Thach, R. E.; Thach, S. S. Damage to Biological Samples Caused by Electron Beam during 
Electron Microscopy. Biophys J 1971, 11, 204-210 

3. Blanc, N. S.; Studer, D.; Ruhl, K.; Dubochet, J. Electron beam-induced changes in vitreous 
sections of biological samples. J. Microsc. 1998, 192, 194-201 

4. Treacy, M. M. J.; Newsam, J. M. Electron-Beam Sensitivity of Zeolite L. Ultramicroscopy 
1987, 23, 411-419 

5. Egerton, R. F.; Li, P.; Malac, M. Radiation damage in the TEM and SEM. Micron 2004, 35, 
399-409 

6. Evans, J. E.; Friedrich, H.; Bals, S.; Bradley, R. S.; Dahmen, T.; De Backer, A.; de Jonge, N.; 
Elbaum, M.; Goris, B.; Houben, L., et al. Advanced tomography techniques for inorganic, 
organic, and biological materials. Mrs Bull 2016, 41, 516-524 

7. Hayward, S. B.; Glaeser, R. M. Radiation-Damage of Purple Membrane at Low-Temperature. 
Ultramicroscopy 1979, 4, 201-210 

8. Dubochet, J.; Knapek, E.; Dietrich, I. Reduction of Beam Damage by Cryoprotection at 4k. 
Ultramicroscopy 1981, 6, 77-80 

9. Siegel, G. Der Einfluẞ tiefer Temperaturen auf die Strahlenschädigung von organischen 
Kristallen durch 100 keV-Elektronen. Zeitschrift Fur Naturforschung 1972, 27, 325-332 

10. Knapek, E.; Dubochet, J. Beam Damage to Organic Material Is Considerably Reduced in 
Cryo-Electron Microscopy. J Mol Biol 1980, 141, 147-161 

11. Bammes, B. E.; Jakana, J.; Schmid, M. F.; Chiu, W. Radiation damage effects at four 
specimen temperatures from 4 to 100 K. J Struct Biol 2010, 169, 331-341 

12. Egerton, R. F. Control of radiation damage in the TEM. Ultramicroscopy 2013, 127, 100-108 
13. Nord, M.; Vullum, P. E.; Hallsteinsen, I.; Tybell, T.; Holmestad, R. Assessing electron beam 

sensitivity for SrTiO3 and La0.7Sr0.3MnO3 using electron energy loss spectroscopy. 
Ultramicroscopy 2016, 169, 98-106 

14. Fryer, J. R.; Mcconnell, C. H.; Zemlin, F.; Dorset, D. L. Effect of Temperature on Radiation-
Damage to Aromatic Organic-Molecules. Ultramicroscopy 1992, 40, 163-169 

15. Fryer, J. R. The Effect of Dose-Rate on Imaging Aromatic Organic-Crystals. 
Ultramicroscopy 1987, 23, 321-327 

16. Glaeser, R. M. Limitations to Significant Information in Biological Electron Microscopy as 
a Result of Radiation Damage. Journal of Ultrastructure Research 1971, 36, 466-482 

17. Guo, C. H.; Allen, F. I.; Lee, Y.; Le, T. P.; Song, C.; Ciston, J.; Minor, A. M.; Gomez, E. D. 
Probing Local Electronic Transitions in Organic Semiconductors through Energy-Loss 
Spectrum Imaging in the Transmission Electron Microscope. Adv Funct Mater 2015, 25, 
6071-6076 

18. Eggeman, A. S.; Illig, S.; Troisi, A.; Sirringhaus, H.; Midgley, P. A. Measurement of 
molecular motion in organic semiconductors by thermal diffuse electron scattering. Nat 
Mater 2013, 12, 1044-1048 

19. Hayashida, M.; Kawasaki, T.; Kimura, Y.; Takai, Y. Estimation of suitable condition for 
observing copper-phthalocyanine crystalline film by transmission electron microscopy. Nucl 
Instrum Meth B 2006, 248, 273-278 

20. Koshino, M.; Masunaga, Y. H.; Nemoto, T.; Kurata, H.; Isoda, S. Radiation damage analysis 
of 7,7,8,8,-tetracyanoquinodimethane (TCNQ) and 2,3,5,6,-tetrafluoro-7,7,8,8,-
tetracyanoquinodimethane (F(4)TCNQ) by electron diffraction and electron energy loss 
spectroscopy. Micron 2005, 36, 271-279 

21. Sarkar, R.; Rentenberger, C.; Rajagopalan, J. Electron Beam Induced Artifacts During in situ 
TEM Deformation of Nanostructured Metals. Sci Rep 2015, 5, 16345 



 
Quantitative analysis of electron beam damage in P3HT-PCBM bulk heterojunctions 

57 

22. Egerton, R. F.; Wang, F.; Crozier, P. A. Beam-induced damage to thin specimens in an 
intense electron probe. Microsc Microanal 2006, 12, 65-71 

23. Egerton, R. F. Mechanisms of radiation damage in beam-sensitive specimens, for TEM 
accelerating voltages between 10 and 300 kV. Microsc Res Techniq 2012, 75, 1550-1556 

24. Aronova, M. A.; Sousa, A. A.; Zhang, G.; Leapman, R. D. Limitations of beam damage in 
electron spectroscopic tomography of embedded cells. J. Microsc. 2010, 239, 223-232 

25. Karuppasamy, M.; Nejadasl, F. K.; Vulovic, M.; Koster, A. J.; Ravelli, R. B. G. Radiation 
damage in single-particle cryo-electron microscopy: effects of dose and dose rate. J 
Synchrotron Radiat 2011, 18, 398-412 

26. Dehm, G.; Nadarzinski, K.; Ernst, F.; Ruhle, M. Quantification of irradiation damage 
generated during HRTEM with 1250 keV electrons. Ultramicroscopy 1996, 63, 49-55 

27. De Carlo, S.; El-Bez, C.; Alvarez-Rua, C.; Borge, J.; Dubochet, J. Cryo-negative staining 
reduces electron-beam sensitivity of vitrified biological particles. J Struct Biol 2002, 138, 
216-226 

28. Wirix, M. J. M.; Bomans, P. H. H.; Hendrix, M. M. R. M.; Friedrich, H.; Sommerdijk, N. A. 
J. M.; de With, G. Visualizing order in dispersions and solid state morphology with Cryo-
TEM and electron tomography: P3HT: PCBM organic solar cells. J Mater Chem A 2015, 3, 
5031-5040 

29. Wirix, M. J. M.; Bomans, P. H. H.; Friedrich, H.; Sommerdijk, N. A. J. M.; de With, G. 
Three-Dimensional Structure of P3HT Assemblies in Organic Solvents Revealed by Cryo-
TEM. Nano Lett 2014, 14, 2033-2038 

30. van Bavel, S.; Sourty, E.; de With, G.; Frolic, K.; Loos, J. Relation between Photoactive 
Layer Thickness, 3D Morphology, and Device Performance in P3HT/PCBM Bulk-
Heterojunction Solar Cells. Macromolecules 2009, 42, 7396-7403 

31. Yang, X. N.; van Duren, J. K. J.; Rispens, M. T.; Hummelen, J. C.; Janssen, R. A. J.; Michels, 
M. A. J.; Loos, J. Crystalline organization of a methanofullerene as used for plastic solar-cell 
applications. Adv Mater 2004, 16, 802-806 

32. Kolb, U.; Gorelik, T.; Kubel, C.; Otten, M. T.; Hubert, D. Towards automated diffraction 
tomography: Part I - Data acquisition. Ultramicroscopy 2007, 107, 507-513 

33. Egerton, R. F.; Lazar, S.; Libera, M. Delocalized radiation damage in polymers. Micron 2012, 
43, 2-7 

34. Egerton, R. F.; Crozier, P. A.; Rice, P. Electron Energy-Loss Spectroscopy and Chemical-
Change. Ultramicroscopy 1987, 23, 305-312 

35. Martin, J.; Beauparlant, M.; Sauve, S.; L'Esperance, G. On the threshold conditions for 
electron beam damage of asbestos amosite fibers in the transmission electron microscope 
(TEM). J Occup Environ Hyg 2016, 13, 924-935 

36. Alexander, J. A.; Scheltens, F. J.; Drummy, L. F.; Durstock, M. F.; Gilchrist, J. B.; Heutz, S.; 
McComb, D. W. Measurement of optical properties in organic photovoltaic materials using 
monochromated electron energy-loss spectroscopy. J Mater Chem A 2016, 4, 13636-13645 

37. Drummy, L. F.; Davis, R. J.; Moore, D. L.; Durstock, M.; Vaia, R. A.; Hsu, J. W. P. 
Molecular-Scale and Nanoscale Morphology of P3HT:PCBM Bulk Heterojunctions: Energy-
Filtered TEM and Low-Dose HREM. Chem Mater 2011, 23, 907-912 

38. Pfannmoller, M.; Flugge, H.; Benner, G.; Wacker, I.; Sommer, C.; Hanselmann, M.; Schmale, 
S.; Schmidt, H.; Hamprecht, F. A.; Rabe, T., et al. Visualizing a Homogeneous Blend in Bulk 
Heterojunction Polymer Solar Cells by Analytical Electron Microscopy. Nano Lett 2011, 11, 
3099-3107 

39. Bellani, S.; Fazzi, D.; Bruno, P.; Giussani, E.; Canesi, E. V.; Lanzani, G.; Antognazza, M. R. 
Reversible P3HT/Oxygen Charge Transfer Complex Identification in Thin Films Exposed to 
Direct Contact with Water. J Phys Chem C 2014, 118, 6291-6299 

40. Braunfeld, M. B.; Koster, A. J.; Sedat, J. W.; Agard, D. A. Cryo Automated Electron 
Tomography - Towards High-Resolution Reconstructions of Plastic-Embedded Structures. J. 
Microsc. 1994, 174, 75-84 



 
CHAPTER 3 

58 
 

41. Johansen, B. V. Bright Field Electron-Microscopy of Biological Specimens .5. Low-Dose 
Pre-Irradiation Procedure Reducing Beam Damage. Micron 1976, 7, 145-156 

42. Hamilton, W. C. Comparison of X-Ray and Neutron Diffraction Structural Results: a Study 
in Methods of Error Analysis. Acta Crystallogr. A 1969, 25, 194-206 

 

 

  



 
Quantitative analysis of electron beam damage in P3HT-PCBM bulk heterojunctions 

59 

Appendices 

Appendix 3.1 Radial averaging 

To assess the average intensity of P3HT and PCBM diffraction rings, radial averaging was 
used (Figure A3.1). As a first step, a circle was fitted to the P3HT ring to find the centre of 
the electron beam. Thereafter, a mask was fitted over the beam stop, and the remaining ring 
was radially averaged to create a 2D diffraction graph.  

To calculate the critical dose, where the initial intensity is decrease by a factor of e, 
exponential decay functions were fitted to the data, by a non-linear least squares method. 
From these exponential decay functions, the critical dose was calculated. For the PCBM data 
in cryogenic conditions, a linear fit was used. 

 
Figure A3.1 On the left, a ring is fitted over the P3HT diffraction ring to locate the center of the beam. On the right, 
the image is shown after a mask was fitted over the beam stop. 

Appendix 3.2 Calculating displacement using silver particles embedded in the 
P3HT:PCBM thin films 

 
Figure A3.2 a) The movement of silver particles as a function of accumulated dose. b) The displacement of 13 silver 
particles as a function of accumulated dose. c) The displacement calculated by the cross correlation method and the 
silver particle method. Images were acquired at a dose rate of 10 e/Å2s. 

Silver particles were added to the P3HT:PCBM solution before spin−coating. Tracking these 
particles as a function of accumulated dose shows particle movement towards the center of 
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the image, as seen in Figure A3.2a, indicating shrinkage. The displacement of every particle 
is shown in Figure A3.2b, and can be compared to the NCCC method in Figure A3.2c. The 
relative shrinkage in the NCCC method (0.89 ± 0.14%) is larger than the relative shrinkage 
using the silver particles (0.78 ± 0.14%), but both values fall within the standard deviation 
indicating no significant differences. 

Appendix 3.3 Calculating the critical dose for diffraction 

Table A3.1 Exponential decay parameters for the P3HT intensity decay and the resulting critical dose for 6 different 
samples, changing dose rate, temperature and sample preparation. 

y = exp(x/a) 
 a Adj. R2 Critical dose (e/Å2) 

CF/RT/0.1 5.46 × 10−2  
± 1.32 × 10−3 0.960 18 ± 1 

CF/RT/1 5.25 × 10−2  
± 1.28 × 10−3 0.954 19 ± 1 

CF/RT/10 6.44 × 10−2   
± 1.7432 × 10−4 0.963 16 ± 1 

DS/RT/10 4.85 × 10 −2  
± 5.89 × 10−4 0.978 21 ± 1 

CF/Cryo/10 9.22 × 10−3  
± 5.47 × 10−5 0.980 108 ± 1 

DS/Cryo/10 5.31 × 10−3  
± 1.25 × 10−5 0.995 188 ± 1 

Table A3.2 Exponential decay parameters for the PCBM intensity and the resulting critical dose for 6 different 
samples, changing dose rate, temperature and sample preparation. 

y = exp(x/a) 
 a Adj. R2 Critical dose (e/Å2) 

CF/RT/0.1 3.77 × 10−3  
± 3.62 × 10−5  0.960 266 ± 3 

CF/RT/1 2.43 × 10−3  
± 2.40 × 10−5 0.952 412 ± 4 

CF/RT/10 2.55 × 10−3  
± 3.58 × 10−6 0.964 392 ± 1 

DS/RT/10 2.69 × 10−3  
± 2.55 × 10−5 0.94062 372 ± 4 

y = −ax + 1 
 a Adj. R2 Critical dose (e/Å2) 

CF/Cryo/10 1.06 × 10−3  
± 7.32 × 10−6 0.997 596 ± 4 

DS/Cryo/10 8.25 × 10−4  
± 6.10 × 10−6 0.996 766 ± 6 
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Appendix 3.4 Calculating the significance of the sample preparation effect  

The exponential decay fitted to the P3HT decay in cryogenic conditions was used to find the 
significance of the difference between the two fits. This was done by a χ2 test to the 
parameters of the exponential decay model, as explained by Hamilton.42 A calculated δ2p was 
tested against χ2. When χ2 is exceeded by the calculated δ2p (δpi=Δpi/σ(Δpi) ), it can be 
concluded that the tested datasets are significantly different. The calculated value of δ2p in 
this case is 29.47, which far exceeds the χ2

0.01 for one degree of freedom, which is found to 
be 6.63. This leads to the conclusion that there is a significant difference between the two 
fits, and thus a significant effect of the sample preparation method. 

Table A3.3 Parameters calculated to assess the significant difference between the P3HT intensity decay at 
cryogenic conditions, with and without water and oxygen being present. 

δpi σ(δpi) δ2p 

1.40 × 10−4 2.58 × 10−5 29.47 
 

Appendix 3.5 Calculating the cut-off between two regimes for the normalized cross 
correlation coefficient 

To calculate the cut-off between two regimes in the normalized cross correlation coefficient 
plots, linear equations were fitted to the data between 0 and 50 e/Å2 and between 750 and 
1000 e/Å2. With these two equations, the intersect was calculated. 

Table A3.4 Linear fit parameters to the decrease in normalized cross correlation coefficient until an accumulated 
dose of 50 e/Å2, for 6 different samples. 

 

 

 

 

 

 

 0 - 50 e/Å2 
y = ax + b 

 a b Adj. R2 
CF/RT/1 −1.32 × 10−3 ± 4.42 × 10−5 0.62 ± 1.46 + 10−3 0.990 

CF/RT/10 −1.67 × 10−3 ± 4.98 × 10−5 0.70 ± 1.71 × 10−3 0.996 
CF/RT/100 −6.73 × 10−4 ± 4.62 × 10−5 0.58 ± 1.51 × 10−3 0.964 
DS/RT/10 −1.57 × 10−3 ± 1.16 × 10−4 0.58 ± 3.99 × 10−3 0.973 

CF/Cryo/10 −9.53 × 10−4 ± 5.66 × 10−5 0.76 ± 1.96 × 10−3 0.983 
DS/Cryo/10 −9.25 × 10−4 ± 7.59 × 10−5 0.59 ± 2.55 × 10−3 0.967 
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Table A3.5 Linear fit parameters to the decrease in normalized cross correlation coefficient starting at an 
accumulated dose of 750 e/Å2, up until 1000 e/Å2, for 6 different samples. 

 

 

 

 

 

 

 

 

 

Table A3.6 The intersect between the linear fits calculated in Table A3.4 and Table A3.5. 

 

 

Figure A3.3 The decrease of NCCC as a function of accumulated dose for the CF/RT/10 sample. Linear fits to the 
first and second regime are included in red and blue, respectively. 

 

 750 - 1000 e/Å2 
y = ax + b 

 a b Adj. R2 

CF/RT/1 −1.27 × 10−4  
± 2.70 × 10−6 

0.40  
± 2.38 × 10−3 0.978 

CF/RT/10 −1.63 × 10−4  
± 2.95 × 10−6 

0.46  
± 2.60 × 10−3 0.989 

CF/RT/100 −1.18 × 10−4  
± 2.37 × 10−6 

0.49  
± 2.08 × 10−3 0.981 

DS/RT/10 −6.86 × 10−5  
± 1.96 × 10−6 

0.44  
± 1.73 × 10−3 0.971 

CF/Cryo/10 −5.63 × 10−6  
± 2.49 × 10−6 

0.55  
± 2.18 × 10−3 0.105 

DS/Cryo/10 0.47 ×10−5  
± 1.99 × 10−6 

0.33  
± 1.76 × 10−3 0.939 

 CF/R
T/1 

CF/RT/1
0 

CF/RT/ 
100 

DS/RT/1
0 

CF/Cryo/
10 

DS/Cryo/
100 

Intersect 
two 

regimes 
(e/Å2) 

182 ± 
11 156 ± 9 155 ± 22 96  ± 12 219  ± 19 271  ± 28 
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Appendix 3.6 Calculating the critical dose for imaging 

The critical dose for imaging at room temperature was calculated by fitting an exponential 
decay function to the decrease in NCCC, starting at an accumulated dose of 750 e/Å2. The 
value were the initial normalized cross correlation coefficient was reduced with a factor e 
was taken to be the critical dose for imaging. 

Table A3.7 Exponential decay parameters fitted to the decrease in NCCC for two samples at room temperature, 
starting at an accumulated dose of 750 e/Å2, with the resulting critical dose. 

 

 

Figure A3.4 The decrease in NCCC for data acquired at room temperature a) with and b) without oxygen and water 
being present, starting at 750 e/Å2, with an exponential decay fit. 

Appendix 3.7 Intensity changes in imaging mode 

Table A3.8 shows the increase in intensity ratio of an illuminated and non-illuminated area, 
before and after the dose series were acquired, at an accumulated dose of 2000 e/Å2. Overall, 
an increase in intensity is noticed at both temperatures and for both sample preparation 
method. However, the overall effect is insignificant. Since the relative shrinkage or expansion 
is again very small, it will not significantly affect the average intensity. Especially at 
cryogenic conditions, where the sample expands, a significant effect would be expected, 
since mass loss will increase the intensity as well. Apparently, the overall effect of mass loss 
is not strong enough to have an effect on the overall intensity, at the accumulated doses 
reached in these experiments. 

In Figure A3.5, one can however clearly see a difference in intensity between both samples. 
However, the largest intensity difference occurs where the electron beam interacts with the 
carbon film, i.e., it is likely that the decrease in intensity in that region is caused by electron 
beam damage of the carbon support. 

y = a exp(−x/b) + c 
 A b c R2 Critical dose (e/Å2) 

CF/RT/10 0.24 ± 
0.0024 

4222.91 ± 
185.86 

0.065 ± 
0.0020 0.989 2556 ± 226 

DS/RT/10 0.17 ± 
0.0041 

7439.71 ± 
217.71 

0.060 ± 
0.0017 0.995 4933 ± 354 
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Table A3.8 The relative increase in intensity ratio between an illuminated and a non-illuminated area before and 
after imaging with an accumulated dose of 2000 e/Å2, at different temperatures and of samples prepared by 
different preparation method. 

 

 
Figure A3.5 Images acquired a) before and b) after the acquisition of the dose series at 2000 e/Å2, showing an 
increase in intensity in the illuminated area. 

 

 

 CF/RT/10 DS/RT/10 CF/Cryo/10 DS/Cryo/10 
Intensity increase 

(%) 0.16 ± 2.6 0.48 ± 2.9 0.40 ± 2.7 0.64 ± 3.6 



4 
Exploratory study on (S)TEM-based 
techniques towards increasing image 
contrast for beam-sensitive OPV model 
systems 

Abstract 

(S)TEM analysis of OPVs is often limited by the low contrast between donor and acceptor 
materials and low signal-to-noise ratios, since the electron dose is limited by electron beam 
damage. In standard (S)TEM techniques, the image contrast between materials is based on 
differences in mass thickness of materials. However, a drawback of these techniques is the 
absence of large-area phase contrast. Therefore, integrated Differential Phase Contrast 
(iDPC) is, for the first time, employed on large features (~200 nm), using a P3HT-PCBM 
columnar model system. In this chapter we compare iDPC results with (zero-loss filtered) 
Bright Field TEM results, and Annular Bright Field and Annular Dark Field STEM results. 
We show that iDPC increases the contrast within the P3HT-region, as features appear that 
are less, or not at all, distinguishable in ABF-STEM, ADF-STEM and BF-TEM images. 
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4.1 Introduction   

The nano- and micro-scale morphology of (organic) materials is often resolved with the use 
of Transmission Electron Microscopy (TEM). In the case of organic photovoltaics (OPVs), 
Bright-Field TEM (BF-TEM) is commonly employed to study the relationship between their 
morphology and performance.1-4 However, TEM imaging of OPVs is limited by the low 
contrast between the two phases, since OPV materials, such as P3HT and PCBM, mainly 
contain carbon and are rather similar in the overall contribution to contrast, with only small 
density differences being present. Furthermore, beam sensitivity, as described in chapter 3, 
limits the electron dose that can be used for imaging, hence the low contrast cannot be 
compensated for with a high electron dose to increase the signal-to-noise ratio (SNR). 

In low resolution BF-TEM, the contrast between materials is based on a difference in mass 
thickness. In the case of P3HT and PCBM, the contrast mainly originates from a difference 
in density between the two materials (1.1 g/cm3 and 1.3 g/cm3, respectively5-6), meaning that 
PCBM regions will appear darker than P3HT regions in the image at similar thicknesses. 
Furthermore, since OPVs commonly exhibit a bulk heterojunction (BHJ) morphology, where 
the P3HT and PCBM phases overlap in a 2D projection, the overall contrast in the BF-TEM 
image is lowered further, thus making it difficult to clearly assign phases. A solution to this 
problem, next to the use of columnar model systems as described in chapter 2, is electron 
tomography, which can be used to reconstruct the 3D morphology of a specimen by acquiring 
a tilt series.7-9 Hence, in electron tomography, the projection problem is overcome, but not 
the dose limit.  

Another imaging mode that can be employed is Scanning TEM (STEM), in which an electron 
beam is focused on the sample, and the sample is scanned pixel by pixel, as explained in 
Chapter 1 and Figure 1.3. While STEM is often employed as a high-dose technique in, e.g., 
materials science, it is nowadays increasingly used to analyze beam-sensitive materials.9-11  

In STEM-mode, one can simultaneously acquire BF and Dark Field (DF) images, since 
multiple detectors are available, collecting electrons that are scattered into different angles. 
This is achieved by the use of annular detectors, i.e., circular detectors with a hole in the 
center. The use of multiple detectors simultaneously is possible in STEM and provides a large 
amount of complementary information not obtainable in TEM. Furthermore, parameters as 
resolution and depth of field can be easily tuned, making STEM adaptable to both large scale 
imaging of thick specimens at low resolution and small scale imaging of thin specimens at 
high resolution.12-13 

An important method to increase contrast, in both TEM and STEM, is the use of phase 
contrast. When electrons interact with a specimen, their amplitude and, mainly, phase are 
modulated. Thus, gaining access to the phase information via the use of a phase plate in 
TEM,14-15 or techniques like electron holography16 and integrated Differential Phase Contrast 
(iDPC)17-18 in STEM is essential and expected to increase contrast between materials such as 
P3HT and PCBM. 
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In this chapter, we explore different kinds of (S)TEM techniques to increase the contrast and 
signal-to-noise ratio in OPV materials, where we specifically look into iDPC as a tool to 
increase the information content in STEM images of beam-sensitive materials. 

4.2 Experimental section 

4.2.1. Materials 

Poly(3-hexylthiophene) (P3HT, Plexcore OS 2100), polystyrene (PS, average Mw 35000 
g/mol), ortho-dichlorobenzene (oDCB) and chlorobenzene were purchased from Sigma 
Aldrich. The solvents acetone, dichloromethane (DCM, stabilized with Amylene) and 2-
propanol were acquired from Biosolve. Solenne B.V. provided Phenyl-C61-Butyric acid 
methyl ester (PCBM, 99.5% purity). TEM grids (carbon film on 200 mesh copper grids, 
CF200-Cu) were obtained from EMS Diasum. All materials were used as purchased. 

4.2.2 Sample preparation 

The P3HT:PCBM model system was prepared as follows: 22.5 mg P3HT and 7.5 mg PS 
were dissolved in 1 ml chlorobenzene. This solution was stirred overnight at 70 °C to 
completely dissolve the materials.19-20  

The custom-made TEM specimen holder, as described in chapter 2, was cleaned by 
ultrasonication in acetone for 30 minutes, followed by rubbing with soap and rinsing with 
demineralized water. Afterwards, the specimen holder was ultrasonicated in isopropanol for 
30 minutes, followed by a final UV-ozone treatment for 30 minutes.  

The P3HT-PS solution was spin-coated (using a Laurel WS-650-23NPP-LITE Spin Coater) 
on a TEM grid loaded specimen holder at 2000 rpm for 1 minute. The spin-coated TEM grid 
was removed from the specimen holder and submerged in acetone for 1 h to completely 
remove all PS, whilst stirring. Hereafter, the TEM grid was washed with acetone to achieve 
complete polystyrene removal. The washed TEM grid was loaded on a freshly cleaned 
specimen holder, and PCBM was spin-coated on top at 3000 rpm for 1 minute. 

A P3HT-PCBM BHJ sample was created by dissolving 13 mg P3HT and 13 mg PCBM in 1 
ml oDCB. The solution was spin-coated on a TEM-grid by use of the TEM specimen holder, 
at 800 rpm for 180 seconds. 

4.2.3 Microscopy 

BF-TEM was performed on the TU/e Cryo Titan (Thermo Fisher Scientific), operated at 300 
kV, equipped with a field emission gun, a Gatan GIF 2002 and a 2k×2k Gatan CCD camera. 
Zero-loss filtering with a slit width of 20 eV was applied to increase contrast.  

Annular Bright Field (ABF), Annular Dark Field (ADF) and integrated Differential Phase 
Contrast (iDPC) images were acquires simultaneously on a Talos F200X (Thermo Fisher 
Scientific) at Nanoport Eindhoven. The microscope was operated at 200 kV at room 
temperature and was equipped with an X-FEG field emission gun. A 4 quadrant DF4 detector 
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was used to acquire the iDPC images, where the images of the four quadrants were summed 
to create the ABF images. The ADF image was acquired on a Fischione HAADF detector. A 
camera length of 1.37 m was used, with a convergence angle of 3 mrad. The collection 
semiangle range of the DF4 detector was between 2 and 4 mrad, while the collection 
semiangle range of the HAADF detector was between 4 and 26 mrad, collecting the ADF 
signal. 

4.2.4 Data analysis 

Since the count rates of the different detectors are varying, histogram scaling of the ABF, 
ADF and iDPC images was performed in Matlab for a similar display, by setting the value 
of the 2.5th percentile to 0 and the value of the 97.5th percentile to 255. This scales the intensity 
values to statistically relevant values, since outliers with high and low intensities are not taken 
into account during the scaling. Linescans from the images were taken in Matlab as well. 

4.3 Results and discussion 

4.3.1 Bright Field TEM 

Figure 4.1a shows a BF-TEM image of our P3HT-PCBM model system, where the PCBM-
rich regions are light and the P3HT-rich regions are dark. Since, at similar thicknesses, the 
higher density of PCBM causes more scattering, PCBM usually is the darker phase in BF-
TEM images of a P3HT-PCBM sample. However, since the PCBM-rich region is much 
thinner, leading to less scattering events, the PCBM-rich region is in this case the brighter 
region. To increase contrast in BF-TEM, and to decrease noise levels, zero-loss filtering is 
often employed. In zero-loss filtering, inelastic scattered electrons are blocked by an energy 
selective slit, causing only zero-loss electrons to reach the detector. Since chromatic 
aberrations cause the inelastic scattered electrons to focus in a different plane, and these 
electrons are therefore likely to be detected in a neighboring pixel, removing these electrons 
from the image will reduce blurring. This is especially important in thicker samples, since in 
these samples more inelastic scattering occurs which increases the effect of chromatic 
aberrations.  

Figure 4.1b shows a zero-loss filtered image at the same position as Figure 4.1a, where one 
can see that the noise is decreased, due to the removal of the blurring effect caused by 
chromatic aberrations. Figure 4.1c shows linescans taken from both Figure 4.1a and Figure 
4.1b. From the linescans one can clearly see that the intensity difference between the PCBM-
rich regions (high intensity) and P3HT-rich regions (low intensity) increases upon zero-loss 
filtering. In more quantitative terms, the difference between the two regions is ~2000 counts 
(250 electrons per pixel) for the unfiltered image and ~4000 counts (500 electrons per pixel) 
for the zero-loss filtered image. Since more inelastic scattering occurs in the thicker P3HT-
rich region (i.e., the P3HT-rich region has a larger mass thickness), the energy-selective slit 
blocks more electrons. This leads to a lower intensity at the detector, as compared to the 
PCBM-rich regions with a lower thickness (i.e., lower mass thickness). This shows that zero-
loss filtering increases the image contrast between regions of different mass thickness. One 
must note, however, that zero-loss filtering also reduces the number of electrons that reach 
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the detector and, hence, the relative contribution of shot noise increases. This poses a limit 
on the thickness of the specimen, since, at large thicknesses, shot noise will start dominating 
the signal.  

 
Figure 4.1 a) A BF-TEM image of a P3HT-PCBM model system. b) A zero-loss filtered BF-TEM image at the same 
position as a). c) The linescan of a) and b), where the position of the linescan is given by the white bar. d) A thickness 
map, calculated from a) and b). 

With the use of zero-loss filtering, the thickness of the P3HT-rich and PCBM-rich regions 
can be quantified. To explain this, we take a look at scattering probabilities. The inelastic 
scattering process follows Poisson statistics, as described in equation 4.1, where Pn is the 
probability of n-fold scattering, t is the thickness of the sample (nm) and λ equals the inelastic 
mean free path (nm). Here, t/λ is the expected number of scattering events for each electron.21 
The probability of zero-fold scattering is therefore defined as equation 4.2 (where P0 is the 
probability of zero-fold scattering), and is equal to the amount of zero-loss electrons (I0) 
divided by the total amount of electrons (It) (equation 4.2). Using equation 4.2, one can easily 
calculate the thickness as a function of mean free path, as shown in equation 4.3. 
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Since the intensity of a BF-TEM image without zero-loss filtering is equivalent to the total 
amount of electrons (It), and the intensity of a zero-loss filtered image is equivalent to the 
amount of primary electrons (I0), both images can easily be combined into a thickness map. 
The absolute quantification of thickness is possible when the inelastic mean free path of the 
sample is known (which can be calculated according to equation 4.4, where λ is the inelastic 
mean free path (nm), M is the molar mass of the material (g/mol), ρ is the density of the 
material (g/cm3), σ is the inelastic cross section (nm2) and NA is Avogadro’s number 
(6.02 × 1023 mol−1)). More information about the calculation of the inelastic mean free path 
can be found, e.g., in the book by Reimer and Kohl.22 Figure 4.1d shows a thickness map, 
calculated from Figure 4.1a and Figure 4.1b. Here, one can see that the P3HT-rich matrix has 
a higher t/λ value than the PCBM-rich islands. Since the inelastic mean free paths of P3HT 
and PCBM are quite similar (± 200 nm), one can conclude that the thickness of the P3HT-
rich matrix is indeed higher than the thickness of the PCBM-rich islands. In this case, the 
average t/λ of the P3HT-rich region is 0.67, while the average t/λ value of the PCBM-rich 
region is 0.33. This leads to a P3HT thickness of 134 nm, and a PCBM thickness of 66 nm. 
Due to the use of the non-filtered image, the blurring effects caused by chromatic aberrations 
are still present in the thickness map. 

Another approach to increase contrast for beam sensitive OPV materials and especially 
complex morphologies such as bulk heterojunction morphologies is electron tomography 
(ET). In ET a series of projections is acquired, which after alignment and reconstruction, 
allows disentangling of the information of different phases that conventionally overlaps in a 
2D projection reducing contrast. As our model system is specifically designed to gather 
information from a 2D projection, acquisition of 3D information would be redundant. Instead 
an example of ET applied to a state of the art OPV BHJ is shown in Figure 4.2 illustrating 
the observed increase in contrast between the donor and acceptor phases. 23 More details on 
the tomography acquisition and reconstruction can be found in Appendix 4.1. Such studies 
are essential in the case of OPV BHJ devices, as the 3D morphology has a significant effect 
on the performance of the OPV device. For P3HT:PCBM BHJs 3D analysis has been 
employed by van Bavel et al.24 and Wirix et al.7 More information on (advanced) electron 
tomography techniques can be found, e.g., in the paper by Evans et al.9   
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Figure 4.2 a) Zero-loss filtered image of a DT-PDPPTPT-PC71BM BHJ. b) Numerical cross-section through a 
tomogram of a DT-PDPPTPT-PC71BM BHJ showing increase in contrast. 

In conclusion, BF-TEM can be used to assess differences in the mass thickness of materials, 
where zero-loss filtering increases the contrast between materials and reduces the blurring 
caused by chromatic aberrations. The total thickness of the sample can be quantified using a 
non-filtered and a zero-loss filtered image, and by calculating the inelastic mean free path of 
materials. We measure an average thickness of 134 nm for the P3HT-rich regions and 66 nm 
for the PCBM-rich regions in the P3HT-PCBM model system. Furthermore, electron 
tomography can be used to increase the low contrast usually found for complex morphologies 
due to the overlap of phases in a 2D projection. 

The access to large area phase contrast is essential to increase contrast in beam-sensitive 
systems. In BF-TEM, this can be done via the use of a phase plate. Such experiments have 
been performed on the P3HT-PCBM model system (see Appendix 4.2), but not with the 
desired success.  

4.3.2 Scanning TEM 

An alternative to TEM is Scanning Transmission Electron Microscopy (STEM). In STEM, 
an electron probe is scanned over the specimen, subsequently collecting the transmitted 
intensity at each pixel. Depending on the selected detector, a BF or DF image can be acquired. 
In STEM-mode, electrons are commonly detected using annular detectors, i.e., circular 
detectors with a hole in the center. The BF-signal can pass through this hole, allowing for 
simultaneous STEM-EELS acquisition (Appendix 4.3). The information collected on the 
annular detectors is dependent on both the convergence semiangle and collection semiangle 
of the beam (out of convention, these will be called convergence angle and collection angle 
throughout the rest of the text). Both the probe size and the depth of field (DoF) are related 
to the convergence angle, as shown in equation 4.5 and 4.6, where dprobe is the probe 
dimension (nm), tfield is the DoF (nm), λ is the electron wavelength (2.51 pm at 200 kV) and 
α is the convergence angle (mrad).25  

𝑑𝑑probe =
𝜆𝜆
𝛼𝛼

                                                               (4.5) 
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For a convergence angle of 3 mrad, the smallest convergence angle available on the 
microscope used, the resolution limit is ~8 Å, as calculated with equation 4.5. This means, 
that the eventual field of view of a 4K image is ~3275 nm. As one can see in Figure 4.3a, 
increasing the convergence angle decreases the probe size and, hence, increases the resolution 
limit. However, in this case, a large field of view is desired, meaning that relative large pixels 
are necessary. To increase the pixel size and acquire at the resolution limit, the probe size 
needs to be increased, by decreasing the convergence angle. These settings were, however, 
not available on the microscope used, so a pixel size of ~8 Å was used to acquire the iDPC 
images. In principle, to be able to fully reconstruct features at the resolution limit, the pixel 
size should be maximum half of the resolution limit.26 However, in Appendix 4.4 we show 
that the lack of high frequency information in our specimen allows for the use of a larger 
pixel size without significantly increasing noise levels caused by this so-called 
undersampling. 

The convergence angle also influences the DoF. Equation 4.6 and Figure 4.3b show that a 
decrease in convergence angle not only increases the probe size, but furthermore increases 
the DoF. This shows that low convergence angles are beneficial for large, thick sections at 
lower resolution, such as in biological cells or polymer nanocomposites,11, 25 and hence large 
convergence angles are beneficial for small, thin sections at high resolution, for example, in 
the imaging of atomic lattices.  

 
Figure 4.3 a) The effect of the convergence angle on the desired pixel size in STEM-imaging. b) The effect of the 
convergence angle on the depth of field. 

The collection angle range of the detector (controlled by the camera length) sets the type of 
electrons that reach the detector (Figure 4.4). At low collection angles, the direct beam falls 
on the detector, leading to an ABF image (which, in this case, is recorded on a DF4 detector, 
where the sum of the 4 quadrants is used as an ABF image). When the inner radius of the 
detector is larger than the radius of the direct beam, i.e., the BF-disk, DF information is 
collected and an ADF image is formed. In ADF imaging, the scattering intensity depends on 
Zn, where n has values between 1.6 and 1.9.10, 27 Due to the low crystallinity of P3HT and 
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PCBM, and, thus, the absence of diffraction contrast, the ADF images can be directly 
interpreted as mass thickness images. 

At very large collection angles, HAADF images are acquired. Here, the electrons have 
undergone Rutherford-type scattering, where the intensity in the image is dependent on Z2. 
In the case of beam-sensitive and carbon-based materials, the HAADF-signal is rarely used. 
Since very few electrons are scattered to high angles (>50 mrad), and, thus, only a small 
number of electrons reaches the detector, shot noise will dominate the signal. Therefore, 
HAADF-imaging will not be discussed in this chapter. 

Recently, integrated Differential Phase Contrast (iDPC) has been developed to image the 
projected phase of a specimen, with the use of a segmented detector. As explained by Dekkers 
et al.28 in 1977, a segmented detector can be used to simultaneously create phase and 
amplitude images, by the difference- and sum-image, respectively, of images obtained by 
opposing detectors, a technique called Differential Phase Contrast (DPC). 

 

 
Figure 4.4 Schematics of the STEM setup, with a DF4 detector and an (HA)ADF detector. In this chapter, the DF4 
detector is used for iDPC imaging, while the sum of the 4 quadrants is used as an ABF image. 

Lazic et al.17 have shown that similar DPC images can be obtained using a 4 quadrant (DF4) 
detector (Figure 4.4), where the difference image of opposing quadrants contains only phase 
information. The two-dimensional integration of the two difference-images obtained by the 
DF4 detector linearly relates to the projected phase of the material, and hence to the projected 
electrostatic potential of the specimen, as shown in equation 4.7 (where φ(x,y) is the projected 
phase at position (x,y), CE is a constant, depending on the accelerating voltage of the 
microscope and V(x,y,z) is the electrostatic potential at position (x,y,z)).29 

𝜑𝜑(𝑥𝑥,𝑦𝑦) = 𝐶𝐶E �𝑉𝑉(𝑥𝑥,𝑦𝑦, 𝑧𝑧)d𝑧𝑧                                          (4.7) 
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Until now iDPC has only been used to map materials at atomic resolution,18,30-32 where it has 
shown great potential in simultaneously imaging both heavy and light elements. It has, 
however, never been used to image a sample at lower resolution and larger field of views. 
Here, we will show the first example of an iDPC image of a larger area, comparing the iDPC 
results to ABF and ADF images.  

Figure 4.5 shows ABF (a), ADF (b) and iDPC (c) images, acquired with a convergence angle 
of 3 mrad, with a pixel size of 0.748 nm, hence, the data is sampled at the resolution limit. 
All images are histogram scaled, as explained in section 4.2.4. In Table 4.1 one can see the 
average intensities of the P3HT-rich regions and the PCBM-rich regions for all three images, 
showing that the ABF image has the largest (scaled) intensity difference between the two 
regions, and the ADF image has the smallest intensity difference, indicating ABF imaging 
leads to the largest image contrast between P3HT- and PCBM-rich regions. However, the 
P3HT-rich region of the iDPC image shows the lowest standard deviation relative to the 
intensity (the standard deviation is ± 50% of the total intensity for the ABD and ADF image 
in the P3HT-rich region, but only ± 25% of the total intensity for the iDPC image), indicating 
that the iDPC image is less noisy than the ABF and the ADF image, assuming the standard 
deviation is solely caused by signal noise (which is not the case, since the iDPC image shows 
features in the P3HT-rich region that have a contribution to the standard deviation). Due to 
the smaller noise contribution in iDPC, features in the P3HT-rich region are more clearly 
visible in the iDPC image, as compared to the ADF and ABF image, as indicated by the 
yellow squares in Figure 4.5a, b and c. 

 
Figure 4.5 a) ABF, b) ADF and c) iDPC images, respectively, of a P3HT-PCBM model system. d) Linescans 
acquired from a) (black), b) (red) and c) (blue), where the position of the linescan is given by the black bar across 
the images. 
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Table 4.1 The average intensity and standard deviation of the P3HT-rich and PCBM-rich region of the histogram 
scaled ABF, ADF and iDPC images shown in Figure 4.5, and the difference in average intensity between the P3HT-
rich and PCBM-rich regions in each image. 

 

 

 

In the PCBM-rich region, however, the ABF image shows by far the lowest relative standard 
deviation (the standard deviation is ± 25% of the total intensity for the ABF image, but 50-
75% of the total intensity for the ADF and iDPC image). For the iDPC image, this can be 
caused by the bright areas at the edges of the PCBM-rich regions (as indicated by the red 
arrow in Figure 4.5c). Whether these bright areas contain real information or are artefacts 
from the iDPC image calculation is, unfortunately, unclear at present. Possibly, they could 
be caused by the spin-coating method. When PCBM is spin-coated on the P3HT-matrix, the 
flow-behavior of the PCBM-solution can be disrupted due to the change of thickness at the 
edge of the islands. It is expected that the flow-speed decreases, leading to thicker sections 
or intermixing of P3HT and PCBM. Since the bright areas are mainly pointed in the same 
direction with regard to the PCBM-rich islands, this would mean that the solution was 
flowing from the left top of the image to the right bottom of the image. 

The linescans in Figure 4.5d show features in the iDPC image that are not observable in the 
ABF and ADF linescans. This illustrates that, apart from the larger scale features shown in 
the yellow squares, smaller scale features, in the order of 50-100 nm, are present in the P3HT-
rich region. As indicated by the Fast Fourier Transform (FFT) and its radial average in Figure 
4.6, there is no preferred direction or size of these features, indicating the features are based 
on amorphous structures, such as small local changes in thickness or local intermixing of 
P3HT and PCBM. 

 
Figure 4.6 a) FFT of the iDPC image of a P3HT-PCBM model system. b) Radial average of the FFT shown in a). 

 ABF ADF iDPC 
P3HT 67 ± 37 127 ± 63 168 ± 38 
PCBM 187 ± 49 103 ± 56 91 ± 72 

Δ 120 -24 -77 
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To highlight the potential of iDPC as a tool to increase image contrast in beam-sensitive 
materials, Figure 4.7 shows an ABF and an iDPC image of a P3HT:PCBM BHJ morphology. 
The images have been acquired in focus, and the BHJ has not been annealed before STEM 
data acquisition, which limits contrast in BF imaging. One can clearly see a difference in 
contrast between the two images. Where the iDPC image shows clear fiber-like structures, 
characteristic for P3HT, the ABF image shows very low contrast between the P3HT and 
PCBM phases. The dark edge around the iDPC image is caused by a non-perfect alignment 
of the pivot-points. 

 
Figure 4.7 a) ABF image of a P3HT-PCBM BHJ. b) iDPC image of a P3HT-PCBM BHJ acquired at the same 
position as a). 

We conclude that ABF images show the largest contrast between the P3HT-rich and PCBM-
rich regions, as defined by the difference in intensity. IDPC, however, can be used to increase 
contrast within P3HT-rich and PCBM-rich phases, where features are observable in linescans 
that are not present in linescans of the ADF and ABF images. This underlines the potential 
of large-area phase contrast. Based on the FFT of the iDPC image, these features are likely 
related to amorphous structures.  

4.4 Conclusions 

In this chapter different (S)TEM techniques have been explored to study their capabilities in 
optimizing contrast and signal-to-noise ratio for beam sensitive materials. BF-TEM is one of 
the most widely used technique in the analysis of beam-sensitive materials, where contrast is 
created based on differences in mass thickness. Unfortunately, P3HT and PCBM show low 
contrast due to their relative similarity in composition and density. However, in BF-TEM, 
this can largely be resolved by zero-loss filtering, where the effect of chromatic aberrations 
is removed leading to less blurring and the mass thickness contrast is increased due to the 
blocking of inelastic scattered electrons. Furthermore, electron tomography is used to 
increase contrast on a state of the art OPV BHJ, by disentangling the information of different 
phases that overlap in the 2D projection. 
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In STEM, multiple signals have been recorded simultaneously, i.e., Annular Bright Field 
(ABF), Annular Dark Field (ADF) and integrated Differential Phase Contrast (iDPC) images. 
We show, for the first time, the potential of iDPC as a tool to increase image contrast at large 
field of views. Although the contrast between the P3HT-rich and PCBM-rich regions, as 
calculated by their difference in average intensity, is the largest in ABF images, we 
demonstrate that the contrast within the P3HT-rich region is the largest for the iDPC images, 
since larger scale features are more clearly visible in the iDPC image, and smaller scale 
features appear in linescans that do not appear in linescans of the ABF and ADF images, and 
furthermore are not distinguishable in (zero-loss filtered) BF-TEM results. This shows that 
iDPC is not only capable of imaging atomic columns at high signal-to-noise ratios but can be 
extended to lower-resolution imaging of beam sensitive materials, as shown for the first time 
in this chapter. Therefore, iDPC is a promising tool to analyze, e.g., OPV bulk 
heterojunctions and larger scale biological materials. 
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Appendices 

Appendix 4.1 Electron tomography 

Two DT-PDPPTPT:PC70BM BHJ samples,23 one created from a solution in chloroform with 
5% diiodooctane (DIO) and one created from a solution in chloroform with 5% ortho-
dichlorobenzene (oDCB), were kindly supplied by the group of Prof. René Janssen at 
Eindhoven University of Technology. The samples were provided on an ITO coated glass 
plate, which was first spin-coated with a thin layer of PEDOT:PSS (poly(3,4-
ethylenedioxythiopene)  polystyrene sulfonate). 

The tomography sample was loaded on a TEM grid using the common floating approach7,24,33 
(as shown in Chapter 2 and 3). The sample was submerged in demineralized water, dissolving 
the PEDOT:PSS layer, resulting in a film floating on the water surface. The film was picked 
up with a TEM-grid, which was loaded with 10 nm or 20 nm gold fiducial markers (for the 
DIO and oDCB sample, respectively) on the backside of the carbon film of the TEM grid. 

Electron tomography was performed on the TU/e Cryo Titan (Thermo Fisher Scientific), 
operated at 300 kV, equipped with a field emission gun, a Gatan GIF 2002 and a 2k×2k Gatan 
CCD camera. Tilt series were acquired from −68° to + 68°, with 2° increments at −10 μm 
defocus. A dose rate of 10 e/Å2s was used with an exposure time of 1 second per frame, 
leading to a total dose of 690 e/Å2. Before the acquisition of the tomogram, dose series were 
acquired up to 5000 e/Å2, showing no significant changes at an accumulated dose of 1000 
e/Å2.  A dose distribution factor of 1.2 was used to compensate for the thickness increase at 
high tilt angles. Zero-loss filtering with a slit width of 20 eV was applied to increase contrast.  

Alignment of the tilt series was based on the automated tracking of 10 nm (DIO) or 20 nm 
(oDCB) gold fiducial markers. The Xplore3D software was used to acquire the tilt series, 
while the alignment and reconstruction were performed in IMOD.34 Visualization of the 
reconstructed model was performed in Avizo (Thermo Fisher Scientific), where the 3D 
models were manually segmented. The SIRT algorithm (simultaneous iterative 
reconstruction technique) with 40 iterations was used for the reconstruction.  

In Figure A4.1a and Figure A4.1b, we show zero-loss filtered images of the BHJ, where DIO 
and oDCB have been used as a co-solvent, respectively. The dark spots in the image are the 
colloidal gold particles, used to align the images with respect to each other before the 
tomographic reconstruction. The light regions correspond to DT-PDPPTPT, while the dark 
regions correspond to PC70BM-rich regions. The use of oDCB increases the fiber width of 
the DT-PDPPTPT fibers. Reconstructed 3D models of the specimen are shown in Figure 
A4.1c-f, where the blue phase represents the DT-PDPPTPT fibers. The 3D tomogram shows 
that the fibers are flattened, which is not observable in the BF-TEM images. These 3D models 
can, e.g., be used as an input for simulations to connect the device morphology with the 
performance efficiency of the device. 
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Figure A4.1 a) Zero-loss filtered BF-TEM image of a DT-PDPPTPT-PC70BM bulk heterojunction where DIO is 
used as a co-solvent. b) Zero-loss filtered BF-TEM image of a DT-PDPPTPT-PC70BM bulk heterojunction where 
oDCB is used as co-solvent. c,d) Full tomographic reconstruction of a) and b). e,f) The bottom half of the same 
reconstruction as in c) and d). 

Appendix 4.2 Phase plate 

The insertion of a phase plate in the back focal plane before BF-TEM image acquisition of a 
P3HT-PCBM model system did have no positive effect on the overall contrast, as can be seen 



 
CHAPTER 4 

82 
 

in Figure A4.2, where a zero-loss filtered image (a) is compared to an image acquired with 
the phase plate inserted (b). 

 
Figure A4.2 a) Zero-loss filtered image of a P3HT-PCBM model system. b) BF-TEM image of a P3HT-PCBM model 
system, acquired with a phase plate inserted in the back focal plane. 

Appendix 4.3 STEM-EELS 

In STEM, the BF signal can be acquired using a BF detector, where the electrons often go 
through an energy filter, as in TEM. This means that, in principle, zero-loss filtering can also 
be applied in STEM-mode. However, chromatic aberrations have no effect on the noise levels 
in the image, since the total, integrated signal intensity of each pixel is acquired and the exact 
focus plane of the electrons is therefore not relevant. Consequently, zero-loss filtering would 
be redundant. The BF signal in STEM is often used for elemental analysis, i.e., STEM-
Electron Energy Loss Spectroscopy (STEM-EELS).  

 
Figure A4.3 a) STEM-EELS image of a P3HT-PCBM model system, acquired with an energy range of 0-450 eV. b) 
The zero-loss image calculated from a.  

If one acquires a BF-like image using STEM-EELS (i.e., a spectrum image of the zero-loss 
and low loss region (Figure A4.3a)), the image is much noisier than a standard BF-TEM 
image. This is due to the fact that the signal is spread, as a spectrum, over a large amount of 
pixels. At high energy losses, the signal is very low and mainly contains noise that is added 
to the image. This noise can be removed by extracting the zero-loss signal using the Digital 
Micrograph software. Therefore, to compare a BF-image acquired with STEM-EELS with a 



Exploratory study on (S)TEM-based techniques towards increasing  
image contrast for beam-sensitive OPV model systems 

83 
 

BF-TEM image, one should only compare zero-loss filtered images, since zero-loss filtering 
removes the chromatic aberrations in BF-TEM, and removes noise due to spreading of the 
signal over multiple pixels in STEM-EELS (Figure A4.3b).  

Appendix 4.4 Sampling rate and Fast Fourier Transform analysis 

The attainable resolution in STEM imaging is in principle equivalent to the probe size, and 
hence directly related to the convergence angle of the electron probe. The Nyquist-Shannon 
sampling theorem states that, to fully reconstruct a signal sampled at a rate F, the signal 
should only contain frequency components below half the sampling rate (F/2, the Nyquist 
rate). Therefore, the resolution limit in real space (2/F) needs to be at least twice the pixel 
size in real space (1/F).26 When this theorem is not met (in the case of undersampling, where 
the pixel size is larger than half the resolution limit), this can cause an increase in noise, since 
frequencies at a certain value above the Nyquist rate will be assigned to frequencies at the 
same value below the Nyquist rate, an effect called aliasing. Oversampling, where the pixel 
size is smaller than half the resolution limit, has no effect on the image.  

Figure A4.4 shows ABF (a), ADF (b) and iDPC (c) images, acquired simultaneously using a 
convergence angle of 3 mrad and a pixel size of 0.191 nm, well below the Nyquist rate (~4 
Å), leading to a field of view of ~800 nm. In all cases, the PCBM-rich regions in the P3HT-
rich matrix are visible as bright regions in the ABF image and dark regions in the ADF and 
iDPC image.  

 
Figure A4.4  a) ABF, b) ADF and c) iDPC images, respectively, of a P3HT-PCBM model system. d) Linescans 
acquired from a) (black), b) (red) and c) (blue), where the position of the linescan is given by the black bar across 
the images. 
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While the P3HT-rich and PCBM-rich regions seem homogeneous in the ABF and ADF 
image, there are clear variations in both regions in the iDPC image. This is confirmed by 
linescans taken from the sample (Figure A4.4d). While the ABF image (black) shows two 
light regions, and the ADF image (red) appears to be of low contrast, since only slight 
indications of two darker regions are present, the iDPC image shows a large amount of 
features that are larger than the resolution limit of ~8 Å. Furthermore, the noise levels in the 
iDPC image are much lower than in the ABF and ADF image.  

When large area data is obtained at the same convergence angle, undersampling occurs, 
which, in principle, should increase noise levels due to aliasing of high frequency 
information, at a certain value above the Nyquist rate, to lower frequency information, at the 
same value below the Nyquist rate. However, the radial average of the Fast Fourier Transform 
(FFT) of the iDPC image (Figure A4.5b) shows no significant information at higher 
frequencies, meaning aliasing will not occur when the sampling rate is set at the resolution 
limit. 

 
Figure A4.5 a) The P3HT-rich and PCBM-rich positions in the iDPC image where FFTs are taken from. b-d) Radial 
averages of the FFTs of the full image, the P3HT-rich region and the PCBM-rich region. 

To find the physical meaning of the features present in the iDPC image, Fast Fourier 
Transforms (FFTs) were taken from three parts of the image, i.e., the full image, a part of the 
P3HT-rich matrix and a part of one of the PCBM-rich islands (the locations are shown in 
Figure A4.5a). These FFTs were radially averaged, leading to the graphs shown in Figure 
A4.5b-d. While there is no indication of a preferred feature size in the FFT of the full image, 
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one can see a small signal in the radial average of the FFT from the P3HT-rich region, at a 
frequency of 0.032 nm-1, a size of ~30 nm in real space. It is, however, unknown what this 
feature represents. As one can clearly see, there is no specific spatial frequency highlighted 
in the radial average of the FFT of the PCBM-rich region, indicating that there is no 
dominating feature size and that the features in the PCBM-rich region are mainly amorphous. 
The radial average of the FFT from the P3HT region is compared to the radial average of the 
FFT of the same region of the ABF and ADF image, in Figure A4.6. Here, we can see that 
there are some very slight indications of features, especially for the ADF image. Thus, 
although iDPC shows features in linescans not shown by ABF and ADF imaging, it is not 
possible to say whether iDPC shows more preferred frequencies in the Fourier spectrum. 

 
Figure A4.6 Radial averages of the P3HT-rich region of the a) ABF and b) ADF image. 

 



 



 
 

5 
Low-dose (S)TEM elemental analysis of 
water and oxygen uptake in P3HT-PCBM 
model systems 

Abstract 

The performance stability of organic photovoltaics (OPVs) is largely determined by their 
nanoscale morphology and composition and is highly dependent on the interaction with 
oxygen and water from air. Low-dose cryo-(S)TEM techniques, in combination with OPV 
donor-acceptor model systems, can be used to assess oxygen and water uptake across donor-
acceptor interfaces. By determining a materials dependent critical electron dose from the 
decay of the oxygen K-edge intensity in Electron Energy Loss Spectra, we reliably measured 
oxygen and water uptake by minimizing and correcting electron beam effects. With 
measurements below the calculated dose limit the capability of STEM-EDX, EFTEM and 
STEM-EELS techniques are compared to qualitatively and quantitatively measure oxygen 
and water uptake in these OPV model systems. Here we demonstrate that oxygen and water 
is mainly taken up in PCBM-rich regions, and that specific oxygen uptake in the donor-
acceptor interphase does not occur. STEM-EELS is shown to be the most advantageous 
technique, enabling quantification of the local oxygen concentration in OPV model systems. 
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With, G., Friedrich, H. Low-dose (S)TEM elemental analysis of water and oxygen uptake in beam 
sensitive materials. 
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5.1 Introduction 

The demand for renewable energy is increasing rapidly as more and more actions are taken 
to combat climate change. Organic photovoltaics (OPVs) are a possible means of providing 
this renewable energy, due to their ease of processing. However, organic photovoltaics 
degrade much more rapidly than silicon photovoltaics, especially in the presence of oxygen 
and water.1-2 

The performance of OPVs is highly dependent on their morphology and chemical 
composition. Generally, they are composed of domains of donor and acceptor materials.3 
Morphology changes due to degradation can cause phase domains to become larger than the 
exciton diffusion length, while chemical changes can shift energy levels or decrease the 
amount of light that can be absorbed.2,4 Furthermore, the interface between donor and 
acceptor domains plays an important role, since power generation in OPVs takes place at this 
interface. (Chemical) changes at the interface are therefore expected to have a large effect on 
the overall performance of the OPV device, due to, e.g., changes in energy levels upon 
oxygen and water uptake.5-6 Whether oxygen- and water-uptake occurs mainly in the donor 
or acceptor phase, or at the interface, is a question that still needs to be resolved. Energy 
Filtered Transmission Electron Microscopy (EFTEM), Scanning Transmission Electron 
Microscopy combined with Electron Energy Loss Spectroscopy (STEM-EELS) and STEM 
combined with Energy Dispersive X-ray Spectroscopy (STEM-EDX) are techniques with the 
potential to resolve this question, both qualitatively and quantitatively.  

Recently EFTEM has been applied to analyze both the morphology and the nanoscale 
composition of OPVs7-9. EFTEM has helped to gain understanding of, amongst others, the 
crystallization induced de-mixing of poly(3-hexylthiophene) (P3HT) and Phenyl-C61-Butyric 
acid Methyl ester (PCBM), common OPV materials.7 Furthermore, EFTEM has been used 
to visualize a mixed donor and acceptor phase between the separate P3HT and PCBM phases 
in a P3HT:PCBM bulk heterojunction, which indicates a separate interphase.8 Additionally, 
STEM-EELS has been employed to analyze the effect of fullerene size on the OPV 
morphology,9 while STEM-EDX has been used to analyze and localize interfaces in small-
molecule photovoltaics.10 

A drawback of (S)TEM based analysis is the comparatively high dose used to image the 
sample. OPV materials are electron beam sensitive (see chapter 3), meaning that their 
properties will change during exposure to the electron beam.11  Beam damage can be seen as, 
e.g., the decrease of diffraction ring intensity,12 shrinkage or expansion across the illuminated 
area (as both described in Chapter 3), and loss of elemental information.13-14 Furthermore, 
mass loss can occur.15 It has been shown16 that the extent of this beam damage can be reduced 
by temperature, meaning that OPV materials exhibit less decrease of diffraction ring intensity 
at cryogenic conditions. Furthermore, the amount of shrinkage and/or expansion changes 
when going from room temperature to cryogenic conditions. More interestingly, at cryogenic 
conditions, an oxygen- and water-free sample preparation method further stabilizes OPV 
materials. Additionally, cryogenic conditions could prevent the boiling off of volatile species 
as oxygen and water in high vacuum,17 which creates the possibility of measuring the 
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presence of physisorbed oxygen and water using EFTEM, STEM-EELS or STEM-EDX, in 
addition to chemical changes (chemisorbed or bonded water and oxygen) as a result of OPV 
degradation. 

The high electron doses required for EFTEM, STEM-EELS and STEM-EDX is thus likely 
to cause electron beam damage, making it difficult to acquire 3D elemental information using 
tomography,18 which would be necessary to resolve local chemical changes in a bulk 
heterojunction morphology, a bicontinuous network of donor and acceptor domains. 
Therefore, to visualize interface regions, model systems are necessary, making it possible to 
localize the interface region in 2D images.19-20 Columnar model systems, with columns 
perpendicular to the sample plane, are best suited for this kind of analysis. To realize a 
corresponding columnar model system, sample preparation methods such as nanoimprint 
lithography21-22 and block-copolymer self-assembly23-24 can be utilized.  

In this chapter, columnar model systems are fabricated using the phase separation between 
P3HT and polystyrene.25-26 After replacing the polystyrene with PCBM, this model system 
allows us to localize the interface region, and perform chemical analysis of the P3HT, PCBM 
and interface regions from 2D micrographs. Cryogenic STEM-EELS, STEM-EDX and 
EFTEM will be used to measure the oxygen and water uptake in these P3HT:PCBM model 
systems, where a distinction will be made between the P3HT region, the PCBM region, and 
the interphase region. Electron beam damage is analyzed to guide experiments to maximize 
information content in the acquired data. Finally, a comparison between the three techniques 
is given, highlighting the benefits and drawbacks of each for the low-dose elemental analysis 
of OPVs, and beam sensitive materials, in general. 

5.2 Experimental section 

5.2.1 Materials 

Chlorobenzene, polystyrene (PS, average Mw 35000 g/mol) and poly(3-hexylthiophene) 
(P3HT, Plexcore OS 2100) were acquired from Sigma Aldrich. The solvents acetone, 
dichloromethane (DCM, stabilized with Amylene) and 2-propanol were obtained from 
Biosolve. Solenne B.V. provided Phenyl-C61-Butyric acid methyl ester (PCBM, 99.5% 
purity). TEM grids (carbon film on 200 mesh copper grids, CF200-Cu) were purchased from 
EMS Diasum. All materials were used as purchased. 

5.2.2 Sample preparation 

22.5 mg P3HT and 7.5 mg PS were dissolved in 1 ml chlorobenzene. The solution was stirred 
at 70 °C for 24 h to completely dissolve the materials.25-26  

A custom-made specimen holder, as described in Chapter 2, was cleaned by ultrasonication 
in acetone for 30 minutes, followed by rubbing with soap and rinsing with demineralized 
water. Afterwards, the specimen holder was ultrasonicated in isopropanol for 30 minutes, 
followed by a final UV-ozone treatment for 30 minutes.  
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The P3HT-PS solution was spin-coated (using a Laurel WS-650-23NPP-LITE Spin Coater 
outside the glovebox and an SPS POLOS Spin 150i inside the glovebox) on a TEM grid 
loaded specimen holder at 2000 rpm for 1 minute. The spin-coated TEM grid was removed 
from the specimen holder and submerged in acetone for 1 h to completely remove all PS, 
whilst stirring. Hereafter, the TEM grid was washed with acetone to achieve complete 
polystyrene removal. Afterwards, the washed TEM grid was loaded on a freshly cleaned 
specimen holder, and PCBM was spin-coated on top at 3000 rpm for 1 minute. Samples were 
prepared in either a glovebox with inert atmosphere, or in air. Glovebox samples were 
submerged in liquid nitrogen, directly after leaving the glovebox (M-Braun Labmaster Glove 
Box System) to minimize exposure to air. Samples prepared in air were exposed to 100% 
humidity in a Vitrobot for 10 minutes before plunge-freezing in liquid ethane. 

5.2.3 Microscopy 

EELS data was acquired on the TU/e Cryo Titan (Thermo Fisher Scientific), operated at 300 
kV, equipped with a field emission gun, a Gatan GIF 2002 and a 2k × 2k Gatan CCD camera. 
The microscope was operated at cryogenic conditions. The spectra were acquired at an energy 
loss of 500 eV, with a dispersion of 0.5 eV/pixel, a dose rate of 5 e/Å2s, an acquisition time 
of 1 second, and by summing 10 frames per spectrum.  

STEM-EELS and STEM-EDX maps were acquired simultaneously on a Talos F200X 
(Thermo Fisher Scientific) at Nanoport Eindhoven, operated at 200 kV under cryogenic 
conditions, equipped with a field emission gun with X-FEG emitter. The EELS signal was 
acquired with a Gatan Enfinium Spectrometer and a Ceta 16M CMOS camera. The EDX 
signal was simultaneously acquired using a Thermo Scientific 4SDD ED/SuperX system. A 
Gatan cryo holder was used.  

Spectrum images were acquired with 128 × 128 × 2048 pixels and a 9000 µs/pixel dwell 
time, a probe current of 328 pA and pixel sizes of 17.12 nm and 0.25 eV. A camera length of 
60 mm was used at a magnification of 57 × 103, at a convergence semiangle of 10 mrad and 
a collection semiangle of 30 mrad. Zero-loss spectrum images were acquired at the same 
settings, but with a dwell time of 100 µs/pixel. STEM-EELS sulfur maps and oxygen maps 
were extracted in Digital Micrograph, selecting the sulfur and oxygen edges, and calculating 
a background from a 100 (sulfur) and 125 (oxygen) eV wide section of the spectrum. 

EFTEM was performed on the Thermo Fisher Scientific Titan Krios, located in the Max 
Planck Institute for Biochemistry, Martinsried, Germany. The microscope was operated at 
300 kV under cryogenic conditions, equipped with a field-emission gun, a Gatan Quantum 
GIF, an autoloader and a Gatan K2 direct electron detector.  

EFTEM maps were acquired using the conventional three window method. For the oxygen 
edge images, the slit was positioned at 547, 514 and 484 eV for the post-edge and the two 
pre-edge images, respectively, with a slit width of 30 eV at a magnification of 6.5 kx. The 
dose rate was set at 3.5 e/Å2s. Dose fractionation was employed, where the total dose is 
distributed over 120 frames by acquiring 120 subsequent frames at all three slit positions, at 
one second exposure per frame in electron counting mode of the K2 direct electron detector. 
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Sulfur pre-edge and post-edge images were acquired using a single exposure time of 10 
seconds per image, with the slits positioned at 180, 155 and 135 eV. All other settings were 
kept the same as for the oxygen map acquisition. The K2 detector was operated in counting 
mode. The pre-edge and post-edge images were aligned to the total sum of frames of the 
oxygen post-edge, after intensity scaling and binning with a factor 8. 

To create a thickness map, zero-loss filtered and unfiltered images were acquired using a slit 
width of 20 eV, at the same magnification and dose rate, with an exposure time of 1 second, 
and the K2 detector operated in linear mode. Both images were also aligned to the sum of 
frames of the oxygen post-edge, after intensity scaling and binning with a factor 8. Thickness 
maps were calculated in Matlab by dividing the elastic image with the unfiltered image, and 
taking the negative logarithm of the resulting image. 

A binning factor of 8 was applied to the data acquired with EFTEM to match the pixel size 
of the STEM-EELS and STEM-EDX data. 

5.2.4 Critical dose determination 

To determine the oxygen K-edge intensity in the EEL spectra, a power law was fitted to the 
spectrum between 465 eV and 525 eV via a non-linear least squares method in Matlab 
(equation 5.1, where I is the intensity (counts), x the energy loss (eV) and a, b and c are fitting 
parameters). This power law was extrapolated and subtracted from the spectrum between 535 
and 565 eV, as background correction.  

𝐼𝐼 = 𝑎𝑎𝑥𝑥−𝑏𝑏 + 𝑐𝑐                                                            (5.1) 

The total intensity of the background corrected signal between 535 and 565 eV, i.e., the 
oxygen peak, was plotted as a function of the accumulated electron dose. The loss in intensity 
of the oxygen peak in the EEL spectra was used as a criterion to quantify the beam-sensitivity 
of the sample and to determine the critical dose for all subsequent experiments. In EFTEM, 
the critical dose was only spent on the oxygen edge. Therefore, additional beam damage due 
to acquisition of the sulfur maps and the thickness maps needed to be assessed using the 
normalized cross correlation coefficient method.16 

5.2.5 Data analysis  

The interface analysis of the oxygen, sulfur and thickness maps was performed as in section 
2.3.4. For quantitative analysis of the elemental composition, the interface analysis was 
extended to the oxygen and thickness signals by first aligning the maps and overlaying the 
sulfur mask on the oxygen map and the relative thickness map. Alignment of the different 
maps was performed first between the sulfur map, the oxygen map and the relative thickness 
map, using an in-house Matlab script based on the normalized cross correlation coefficient. 

To quantify the oxygen concentration, the thickness of the sample was calculated according 
to equation 5.2, where t/λ is the intensity of the thickness maps, λs the mean free path of the 
sample (nm), λc

 the mean free path of the carbon film (nm), ts the thickness of the sample 
(nm) and tc the thickness of the carbon film (nm). The t/λ of the carbon film was measured to 
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be 0.12 at 300 kV with a mean free path of 144 nm (120 nm at 200 kV), while the mean free 
path of the sample was assumed to be 200 nm.27  
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5.3 Results and discussion 

5.3.1 Critical dose calculation 

An EEL spectrum of the P3HT-PCBM model system is shown in Figure 5.1a, where the 
oxygen K-edge is clearly visible, starting at an energy loss of 532 eV. This oxygen K-edge 
can be used to acquire oxygen maps. However, the oxygen K-edge intensity changes as a 
function of electron dose, as exhibited by Figure 5.1, where an EEL spectrum acquired after 
1000 e/Å2 is also shown. Here, the oxygen K-edge intensity has reduced significantly. This 
means that a careful assessment of the signal-to-noise ratio (SNR) as a function of 
accumulated electron dose is necessary, before a reliable oxygen map can be obtained. 

For beam stable materials, the SNR can easily be computed from an EEL spectrum.28 Both 
the selected edge intensity (Ik), and the background intensity (Ib) are dependent on the 
accumulated electron dose, as shown in equation 5.3 and 5.4, where Ik (counts) and Ib (counts) 
are the edge and background intensity, respectively, a and b are fitting parameters, and D 
(e/Å2) is the accumulated electron dose. The SNR (where only shot-noise is taken in to 
account) can then be computed via equation 5.5, where h is a parameter dependent on the 
quality of the background fit.29 Therefore, for beam stable materials, the SNR continuously 
increases with increasing electron dose. 

𝐼𝐼𝑘𝑘 = 𝑎𝑎𝑎𝑎                                                                  (5.3) 

𝐼𝐼𝑏𝑏 = 𝑏𝑏𝑎𝑎                                                                  (5.4) 

𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝐼𝐼𝑘𝑘

�𝐼𝐼𝑘𝑘 + ℎ 𝐼𝐼𝑏𝑏
                                                       (5.5) 

In contrast, for beam sensitive materials, equation 5.3 does not hold anymore, since the 
parameter a is also dependent on the accumulated dose, and potentially the electron dose rate. 
This is due to the fact that oxygen and water will be removed by interactions with the electron 
beam. Figure 5.1b shows this dependency as a function of accumulated dose, as the derivative 
of the oxygen K edge intensity over accumulated dose, exhibiting exponential decay behavior 
(equation 5.6, where Ik is the oxygen K-edge intensity (counts), D is the accumulated electron 
dose (e/Å2), α and 𝛽𝛽 are fitting parameters, and I∞ is the oxygen K-edge intensity at an infinite 
electron dose (counts). The area of each separate rectangle in Figure 5.1b is the intensity of 
the oxygen K edge, obtained from subsequently acquired EEL spectra, with an accumulated 
dose of 50 e/Å2 per spectrum.  
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When one analyzes the oxygen K-edge in the first and the last EEL spectra of the series, one 
can see that not only the intensity of the oxygen edge changes, but that a shape change occurs 
as well, indicating that the change in intensity is caused by a fast removal of physisorbed 
oxygen and water molecules, while the final oxygen K-edge intensity can be attributed to 
oxygen that is chemically bonded in the PCBM molecules. This hypothesis is further 
supported by an EEL spectrum acquired from a PCBM sample that is prepared in the 
glovebox, showing a similar edge as an EEL spectrum at the end of the dose series (see 
Appendix 5.2 for more details). 

Furthermore, for beam sensitive materials equation 5.7 holds (as for beam stable materials) 
and the parameter in the background intensity estimation stays constant (see Appendix 5.3 
for more details). This leads for beam sensitive materials to the situation that the SNR does 
not continuously increase as a function of electron dose, but that actually the SNR decreases 
for each signal added at higher doses. 

 
Figure 5.1 a) Oxygen K-edge of a sample that is exposed to 50 e/Å2 (red, fresh) and a sample that has been subjected 
to 1000 e/Å2 (black, degraded). b) Oxygen K-edge intensity as a function of accumulated dose. A fit with exponential 
decay is shown, following the decay of the oxygen K-edge intensity. The total area under the exponential decay 
curve is the total oxygen intensity that will be measured at a certain accumulated dose. The gray square is shown to 
approximate the intensity that would have been measured, at a certain accumulated dose, if the sample was not 
beam-sensitive. The ratio between the two areas can be used to approximate the original oxygen concentration.  

Therefore, we can define a critical dose as the dose where the SNR of the added signal equals 
5 (equation 5.8) in correspondence to the Rose criterion which states that reliable data is only 
obtained at an SNR equal to, or greater than, 5. Therefore, exposing the sample to more 
electrons than the critical electron dose will lead to the addition of unreliable information.  
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Table 5.1 The parameters calculated by a non-linear least-squared fit of equation 7 and equation 8 to the data in 
Figure 5.1b. 

 

 

 

The only variable that has remained unexplained until now is the factor h in equation 5.5 and 
5.8, which is a measure of the quality of the background extrapolation. In the ideal case, i.e., 
a perfect fit, the value of h equals 1. However, with decreasing data quality, the value of h 
increases, lowering the SNR. The factor h can be approximated, but we decided to use a 
conservative literature value of 4.5.30 

By solving equation 5.8 for D, using the fit-parameters in Table 5.1, and an h-value of 4.5, 
the critical dose is calculated to be approximately 400 e/Å2. This means that a dose of 400 
e/Å2 can be used to acquire a reliable oxygen signal with a SNR of above 5. Furthermore, 
equation 5.6, using the parameters shown in Table 5.1, can be used to correct the measured 
oxygen signal and assess the initial composition as shown by the rectangle in Figure 5.1b. 
This is due to the fact that the ratio between the integral of equation 7 (from 0 to 400 e/Å2) 
and the extrapolated initial EELS spectrum can be approximated (Figure 5.1b), leading to a 
correction factor of 1.65 (see Appendix 5.4 for more details). 

5.3.2 Elemental imaging 

The calculated critical electron dose, as defined above, is used to acquire oxygen maps of 
samples exposed to humid air or prepared in an oxygen- and water-free glovebox, to measure 
the oxygen and water uptake in our P3HT-PCBM model systems. In EFTEM, this critical 
electron dose is solely used to acquire a post-edge oxygen image, while pre-edge images, 
sulfur maps and thickness maps are acquired subsequently, as detailed in the materials and 
methods section. We believe this is a valid approach as the EEL spectra which are acquired 
to assess beam damage only show a decrease in the oxygen K-edge intensity and no shift in 
the power-law parameters which are fitted to the background. Therefore, the background is 
not dose-limited in the required dose range. Dose series of sulfur maps and thickness maps 
do not show changes in mean intensity and show a constant normalized cross-correlation 
coefficient when images are compared,16 as explained in section 5.2 and shown in Appendix 
5.3. The total dose used to acquire and calculate an oxygen map is, therefore, three times the 
calculated critical dose (1200 e/Å2). Chapter 3 shows that at this accumulated dose, the 
diffraction intensity of P3HT will be reduced as a result of beam damage, which will not 
influence our elemental results. Furthermore, a maximum displacement by expansion of 10 
nm is measured, which is smaller than one pixel in this experiment and is therefore not likely 
to influence the subsequent analysis.16 In STEM-EELS the critical dose is used to acquire an 
EEL spectrum, including the oxygen and sulfur signal, for each pixel. To create both the 
oxygen and sulfur map, a dose of only 400 e/Å2 is used to gain the same information as in 
EFTEM. This makes STEM-EELS a more electron efficient approach, and therefore a lower 

α 65.0 × 103 ± 0.7 × 103 

β 229 ± 4 
I∞ 22.6 × 103 ± 0.09 × 103 

R2  0.99487 
b 1.10 × 106 ± 0.004 × 106 
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dose technique, as compared to EFTEM. For STEM-EDX, the critical dose value is less 
important, due to the lack of a background signal. Since the STEM-EDX data is acquired 
simultaneously with the STEM-EELS data, the same accumulated electron dose is used for 
both techniques.  

Oxygen and sulfur maps obtained via STEM-EDX are shown in Figure 5.2. As expected, a 
clear difference in average oxygen intensity between the exposed sample and the glovebox 
sample is present (11.7 ± 3.4 and 0.8 ± 0.9, respectively, Figure 5.1a and Figure 5.1c). 
However, the features that are present in the sulfur maps are not evident in in the oxygen 
maps. This indicates that there are no clear differences in measured oxygen uptake between 
the P3HT and PCBM region as evidenced by STEM-EDX. However, by using a binary mask, 
created from the sulfur map obtained from the sulfur K-signal, the intensity in the P3HT-rich 
(high sulfur) and PCBM-rich (low sulfur) region can be obtained, as shown in Table 5.2. A 
difference was found between the oxygen intensity of the two phases, significant at the 99% 
confidence level (see Appendix 5.5 for more details). For samples prepared in an oxygen- 
and water-free environment, the presence of oxygen is higher in the P3HT-rich region, which 
is counterintuitive due to the fact that two oxygen atoms are present in the PCBM molecule. 
The difference is, however, significant at the 99% confidence level (see Appendix 5.5 for 
more details). To interpret the results correctly one has to take into account that the PCBM-
rich region is thinner than the P3HT-rich region. Compensating for this is difficult by using 
STEM-EDX, since no thickness map is obtained. Nevertheless, it can be expected that the 
oxygen content in a thickness corrected PCBM-rich region would be higher than in a P3HT-
rich region. 

 
Figure 5.2 STEM-EDX maps of a) oxygen and b) sulfur from a P3HT:PCBM model system exposed to humid air. c) 
Oxygen map and d) sulfur map of a P3HT:PCBM model system prepared in an oxygen and water free environment. 

The results from the sample exposed to oxygen and water show that it is possible to measure 
differences in oxygen levels between the P3HT-rich region and the PCBM-rich region by 
STEM-EDX. To assess whether an interface region is present, the image analysis protocol 
described in Chapter 2 is used to create a sulfur and oxygen content profile across the 
interface, as can be seen in Figure 5.3a for the sample exposed to oxygen and water. While 
it is possible to fit a hyperbolic tangent to the intensity profile the fit is unlikely to be reliable 
due to the low R2 (0.53). An intensity profile of the sulfur map is also calculated (Figure 5.3b) 
to define the interface region. In Figure 5.3a and Figure 5.3b we see that the center of the 
P3HT:PCBM interface region is located at 70 nm, with a width of 57 nm while the center of 
the oxygen transition is located at 112 nm with a width of 79 nm. Since the center of the 
oxygen transition is thus located in the P3HT-rich phase, this cannot be explained by oxygen 
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uptake in the PCBM-rich region only. This illustrates clearly that, without a thickness map, 
it is not possible to determine if a preferred uptake in the interphase has taken place. The 
oxygen intensity in a sample prepared in a glovebox (Figure 5.3c) shows that the oxygen 
transition is located at 50 nm, while the P3HT:PCBM transition (Figure 5.3d) centers at 63 
nm, with a width of 69 nm, meaning the oxygen transition center is located in the PCBM-
rich region. This is most likely explained by a change in thickness. 

Table 5.2 The average intensities, and the signal-to-noise rations, of the PCBM domains and the P3HT domains for 
samples exposed to humid air or prepared in a glovebox, acquired with either STEM-EDX, EFTEM or STEM-EELS. 

 

 
Figure 5.3 STEM-EDX oxygen and sulfur intensity profiles across the P3HT:PCBM interface of a P3HT:PCBM 
model system a,b) exposed to humid air and c,d) prepared in an oxygen and water free environment. 

 Oxygen intensity PCBM 
phase in counts (SNR) 

Oxygen intensity P3HT phase 
in counts (SNR) 

STEM-EDX Exposed 12.3 ± 3.6 (3.5) 11.6 ± 3.4 (3.4) 
STEM-EDX Glovebox 0.7 ± 0.8 (0.8) 0.9 ± 0.9 (0.9) 

EFTEM Exposed 302 ± 259 (1.2) 218 ± 227 (1.0) 
EFTEM Glovebox 125 ± 162 (0.8) 120 ± 194 (0.6) 

STEM-EELS Exposed 16.4×103 ± 1.2×103 (13.2) 11.7 × 103 ± 1.2 × 103 (9.2) 
STEM-EELS 

Glovebox 
1.5×103 ± 0.7×103 (1.9) 1.0 × 103 ± 0.7 × 103 (1.5) 
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From above results we conclude that STEM-EDX can only be used to measure the oxygen 
uptake across the entire OPV film. Overall, the data is noisy and there is not enough contrast 
to assess oxygen uptake in the P3HT-PCBM interphase and the lack of thickness information 
prevents quantification. With our averaging approach, however, it is possible to differentiate 
between oxygen uptake in P3HT and PCBM, with a signal to noise ratio higher than 3 when 
sufficient amounts of oxygen are present (see Table 5.2).  

The advantage of EFTEM over STEM-EDX, or STEM-EELS, is the ability to acquire larger 
areas without increasing total acquisition time, by simply decreasing the magnification and 
decreasing the binning factor of the camera. Therefore, one can see larger areas depicted in 
Figure 5.4 with a similar pixel size to the STEM-EDX results (17.6 nm and 17.12 nm, 
respectively). The disadvantage is that EFTEM images are recorded over a smaller energy 
range and larger window width, and it is thus impossible to acquire different elemental 
information simultaneously. Furthermore, there is no access to the total spectrum, but only 
to the integrated intensities of elemental signals. For our datasets, this means that instead of 
one STEM-EDX (or STEM-EELS) spectrum, 6 images have to be acquired to access the 
same elemental information, significantly increasing the accumulated dose. 

 
Figure 5.4 a) Oxygen map and b) sulfur map of a P3HT:PCBM model system exposed to humid air, acquired with 
EFTEM. c) Oxygen map and d) sulfur map of a P3HT:PCBM model system prepared in an oxygen and water free 
environment, acquired with EFTEM. 

Also in EFTEM a clear intensity difference exists between the oxygen maps of a sample 
exposed to water and oxygen, and a sample prepared in an oxygen- and water-free 
environment (239 ± 245 and 122 ± 182 respectively, Figure 5.4a and Figure 5.4c). 
Furthermore, sample features are visible in oxygen maps of both exposed and unexposed 
samples (see also Table 5.2). However, the SNR, especially in the exposed sample, is lower 
than in the STEM-EDX results, which is likely to be caused by uncertainty introduced due to 
the background fitting (increasing the h factor in equation 5.4). Since the background in 
EFTEM is calculated from two data points (the pre-edge 1 and the pre-edge 2 images), small 
deviations will have a large effect on the extrapolated background. This is especially 
important when measuring low intensity signals, which is the case here. A partial solution to 
this would be using EFTEM Spectrum Imaging, where the slit-width can be reduced during 
background acquisition. Such procedure would at best increase the amount of data points by 
a factor of 3, switching from a 30 eV slit width to a 10 eV slit width, and would furthermore, 
increase electron beam damage as well as sample drift at the same accumulated electron dose 
per image. 
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The average intensities of the P3HT and PCBM regions in the EFTEM oxygen maps, in a 
sample exposed to humid air (218 ± 227 and 302 ± 259, respectively, Table 5.2) show that 
the difference between the P3HT-rich and the PCBM-rich region is much larger than in the 
STEM-EDX results, although the SNR is lower (Table 5.2). The difference in signal 
indicates, on the one hand, a large increase in contrast between the P3HT and PCBM region 
in EFTEM, but could also be partly caused by a difference in thickness between the P3HT 
and PCBM region. This can cause multiple scattering in the P3HT-rich region and therefore 
lower the signal to background ratio. However, this effect should be minimal since the 
thickness (t/λ) is within the linear regime (0.3 ≤ t/λ ≤ 0.7). Furthermore, by using a broad slit 
width of 30 eV, most of the multiple scattered electrons will still reach the detector. The 
decrease in SNR can be caused by noise introduced by background fitting, while the noise in 
the STEM-EDX data is mainly caused by shot-noise.  

 
Figure 5.5 EFTEM oxygen and sulfur intensity profiles across the P3HT:PCBM interface of a P3HT:PCBM model 
system a,b) exposed to humid air and c,d) prepared in an oxygen and water free environment. 

In the EFTEM maps acquired from the sample prepared in a glovebox, the difference between 
the P3HT-rich and PCBM-rich region is very small (125 ± 162 and 120 ± 194), but still 
significant at the 99% confidence level (see Appendix 5.5 for more details).  

From the EFTEM oxygen maps, interface profiles can be created from both the glovebox and 
the exposed sample (Figure 5.5). These results can be quantified as well, where the areal 
density of an atom is the ratio of the intensity of the characteristic edge and the intensity of 
the zero loss signal, divided by the inelastic scattering cross section of the element. 
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This quantification gives an average oxygen areal density of 2.8 atoms/nm2 in the exposed 
sample, and 3.4 atoms/nm2 in the glovebox sample. By using an inelastic mean free path of 
200 nm, we can calculate, from the thickness maps (Figure 5.6), that the average thickness 
of the exposed sample is 70 nm, and the average thickness of the glovebox sample is 98 nm, 
after subtracting the 17 nm carbon film. This leads to an average oxygen concentration of 
0.04 and 0.03 atoms/nm3 for the exposed and glovebox sample, respectively. As the oxygen 
present in PCBM (calculated from its chemical composition and assuming pure phases) is 
1.74 oxygen atoms/nm3 the quantification of the EFTEM data is incorrect, which we attribute 
to the low SNR (~1). The transition profiles of the raw oxygen and sulfur data give a center 
position of the interface at 1 and 7 nm with an interface width of 47 and 72 nm for the oxygen 
and sulfur maps, respectively. This means that the oxygen transition center is located in the 
PCBM-rich region, showing no selective interface uptake. Furthermore, selective uptake in 
the PCBM-rich region is confirmed by the thickness profile (Figure 5.6a and Figure 5.6c), 
showing that the PCBM-rich region is the thin region. The R2 for the oxygen intensity profile 
is 0.988, which is much larger than for the STEM-EDX results (0.527), indicating that smart 
averaging over larger areas is sufficient to resolve general trends. For the glovebox sample 
(lowest signal), the center of the oxygen and sulfur profile is located at -37 and -52 nm 
respectively, with a width of 58 and 85 nm, respectively. Hence, the oxygen transition center 
seems to be located in the P3HT-rich region, which might be explained by the lower PCBM-
rich region thickness (Figure 5.6b and Figure 5.6c).  

 
Figure 5.6 EFTEM thickness maps of a P3HT:PCBM model system a) exposed to humid air and b) prepared in an 
oxygen and water free environment. c) Corresponding intensity profiles across the P3HT:PCBM interface. 

From the EFTEM thickness maps and intensity profiles (Figure 5.6) it is clearly visible that 
not only the thickness, but also the shape of the PCBM islands differs between the two 
samples. Firstly, the total PCBM area seems to be larger in the glovebox sample, which is 
likely to be caused by differences in environmental conditions. Since P3HT is highly static 
in a glovebox, some P3HT might be removed from the sample vial after weighing, leading 
to a somewhat higher polystyrene content, causing larger polystyrene islands, and thus larger 
PCBM islands after spin-coating. Furthermore, the lack of oxygen and water might have an 
influence on the flow behavior during spin-coating, causing, e.g., different viscosities and 
different evaporation rates. Experimentally, it seems that the sample changes color faster, 
i.e., dries faster, during spin-coating in a lab environment than in a glovebox. 
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The EFTEM results show that it is possible to differentiate between a glovebox and an 
exposed sample, and between the P3HT-rich and PCBM-rich regions. However, the SNR, 
with a value close to 1 in all EFTEM experiments, is smaller than the Rose criterion, and the 
results from the quantification are certainly off. Therefore, the same conclusion is drawn as 
for the STEM-EDX results: it is only possible to qualitatively monitor oxygen uptake in 
P3HT:PCBM model systems. Furthermore, it is possible to create an oxygen intensity profile, 
but the data does not infer a selective uptake of oxygen and water in the interphase region. 
The benefits of EFTEM over STEM-EDX, i.e. the larger visibility of features in the oxygen 
maps and the larger areas, do however outweigh the drawback of a larger accumulated dose, 
since the sulfur information and thickness information are fairly beam stable (see Appendix 
5.3 for more details). Furthermore, although the SNR is lower in the EFTEM oxygen maps, 
the R2 of the non-linear least-squares fitting is higher, leading to our conclusion that trends 
can be reliably resolved.  

The problems present in EFTEM, i.e., the high h factor, and multiple scattering, can be better 
resolved using STEM-EELS. In STEM-EELS, a full EEL spectrum is available for every 
pixel, increasing the background quality, since more points are available to fit the background 
accurately. Furthermore, this provides the ability to compensate for multiple scattering if a 
zero-loss spectrum is acquired.  

 
Figure 5.7 a) Oxygen map and b) sulfur map of a P3HT:PCBM model system exposed to humid air, acquired with 
STEM-EELS. c) Oxygen map and d) sulfur map of a P3HT:PCBM model system prepared in an oxygen and water 
free environment, acquired with STEM-EELS. 

In the STEM-EELS oxygen maps (Figure 5.7a and Figure 5.7c), the difference between the 
exposed and the glovebox sample is very clear (average intensities of 17.0×104 ± 2.5×103 
and 1.2×103 ± 1.1×103, respectively). Furthermore, circular features are clearly visible in the 
exposed sample, which is confirmed by the average oxygen intensities in the P3HT-rich and 
PCBM-rich region, as shown in Table 5.2. These features are not visible in the glovebox 
sample, but do appear as a difference in average intensity, as seen in Table 5.2. Furthermore, 
the exposed sample shows the only results where the SNR is larger than 5, the Rose criterion, 
indicating that reliable data is obtained. This shows that STEM-EELS is the best method to 
measure oxygen uptake in P3HT:PCBM model systems, and to distinguish between P3HT 
and PCBM regions, based on signal to noise ratios.  
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Figure 5.8 Oxygen and sulfur intensity profiles across the P3HT:PCBM interface of a P3HT:PCBM model system 
a,b) exposed to humid air and c,d) prepared in an oxygen and water free environment, acquired with STEM-EELS. 

The oxygen and sulfur intensity profiles of the exposed sample (Figure 5.8a and Figure 5.8b) 
center at 27 and 29 nm, respectively, with an interface width of 74 and 70 nm. This shows 
that the oxygen transition center is located close to the P3HT:PCBM transition, again 
showing no selective interphase uptake. The thickness map and corresponding intensity 
profile (Figure 5.9a and Figure 5.9c) confirm selective oxygen uptake in the PCBM-rich 
region, since the PCBM-rich region is, again, thinner than the P3HT-rich region.  

 
Figure 5.9 Thickness maps of a P3HT:PCBM model system a) exposed to humid air and b) prepared in an oxygen 
and water free environment, acquired with STEM-EELS. c) Corresponding intensity profiles across the 
P3HT:PCBM interface. 
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By using the sulfur map to calculate the P3HT thickness (see Appendix 5.7 for more details), 
and calculating the total thickness from the thickness map, the PCBM thickness can be 
calculated (Figure 5.9a, after subtraction of the thickness of the continuous carbon film being 
17 nm). This is important to be able to distinguish between physisorbed oxygen and water, 
and to the oxygen atoms present in the PCBM molecule. By quantifying the oxygen map, the 
oxygen content can be found. This oxygen content is multiplied with the correction factor of 
1.65 to correct for beam damage, as mentioned above. The expected oxygen contribution 
from the oxygen bonded in PCBM can be calculated based on the PCBM thickness and the 
size of the PCBM molecule (1.7 atoms/nm3, see Appendix 5.7 for more details). Figure 5.10b 
shows the transition profile of the total oxygen content, the expected contribution from 
PCBM, and the remaining, absorbed oxygen during exposure to humid air. Table 5.3 shows 
the parameters of the hyperbolic tangent fits of all the intensity profiles. It can be seen that, 
in the PCBM-rich region, 148 oxygen atoms are absorbed per nm2, in a 62 nm thick film, 
leading to an oxygen concentration of 2.4 oxygen atoms/nm3, while in the P3HT-rich region 
73 atoms/nm2 are absorbed in a 138 nm thick film, leading to a concentration of 0.5 
atoms/nm3, confirming preferred uptake of oxygen and water in the PCBM-rich region (see 
Appendix 5.8 for more details).  

The oxygen and sulfur intensity profiles of a sample prepared in an oxygen- and water-free 
environment (Figure 5.8c and Figure 5.8d) center around 35 nm and 19 nm, with an interface 
width of 67 and 89 nm. The center of the oxygen transition is thus located in the P3HT-rich 
region, which could be due to the difference in thickness shown in Figure 5.9b and Figure 
5.9c.  

Quantification of the oxygen intensity from a sample prepared in an oxygen- and water-free 
environment is also possible. However, the P3HT thickness, as calculated from the sulfur 
map, is larger than the overall thickness calculated from the thickness map, leading to a non-
physical, negative PCBM thickness (Figure 5.11). This can be caused by deviations in the 
mean free path, or from deviations in the background subtraction of the oxygen signal, 
leading to a larger P3HT thickness. Even by shifting the sulfur thickness (39 nm) to zero in 
the PCBM-rich region the PCBM thickness remains negative in certain parts of the intensity 
profile. The fact that the P3HT thickness in the PCBM-rich areas is zero can be expected 
since a thickness map acquired during sample preparation, after polystyrene removal, shows 
no residual P3HT or polystyrene. 

Table 5.3 The paramaters of the hyperbolic tangent fits of the oxygen concentration and thickness profiles. 

 

 Total 
thickness 

P3HT 
thickness 

Total oxygen 
content 

Oxygen 
Absorbed 

Maximum 138 nm 83 nm 213 atoms/nm2 148 atoms/nm2 
Minimum 62 nm 23 nm 154 atoms/nm2 73 atoms/nm2 

Center (nm) 14 25 31 13 
Width (nm) 79 61 64 107 

R2 0.999 0.994 0.998 0.965 
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Figure 5.10 a) Absolute thickness profiles and b) oxygen concentration profiles of a P3HT:PCBM model system 
exposed to humid air, acquired with STEM-EELS. 

With this in mind, the oxygen density is calculated to be 0.53 atoms/nm3 in the PCBM-rich 
region. which is far lower than what is expected when the PCBM-rich region only contains 
PCBM (1.74 atoms/nm3). Some deviations could be caused by inherent errors in the STEM-
EELS quantification process, such as deviations in inelastic cross-section (5-10% for K-
edges and 10-20% for L-edges), uncertainty in the background model, since a power-law is 
assumed, and uncertainty in experimental parameters such as the collection and convergenge 
angle.29 Additionally, the sulfur thickness is calculated based on the bulk density at room 
temperature, which might differ from the density at cryogenic conditions since the density of 
P3HT will increase at lower temperatures. This, however, cannot explain the factor three 
deviation from the expected value (1.68 atoms/nm3). Furthermore, the SNR, although the 
highest of all three techniques, is still lower than 3, showing the data might be too noisy for 
proper quantitative analysis.  

 
Figure 5.11 Quantified thickness profiles of a P3HT:PCBM model system prepared in an oxygen and water free 
environment. 

In summary, STEM-EELS is thus capable of measuring a difference in oxygen and water 
uptake between the P3HT-rich and PCBM-rich regions, with a SNR higher than the Rose 
criterion. STEM-EELS shows that there is a higher oxygen- and water-uptake in the PCBM-
rich regions, and no specific uptake in the interphase was observed. STEM-EELS was used 
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to quantify the oxygen concentration in OPV, and can differentiate between oxygen present 
in PCBM and oxygen and water absorbed from humid air.  

5.4 Conclusions  

We have compared low-dose cryogenic STEM-EDX, EFTEM and STEM-EELS to 
investigate the uptake of oxygen and water in a beam sensitive P3HT:PCBM model systems. 
By quantifying electron beam effects and determining the critical electron dose for the 
oxygen K edge signal, based on a desired signal-to-noise ratio, we have optimized data 
acquisition for our beam sensitive model system. With this approach we are able to correct 
for the loss of oxygen signal due to electron beam damage. 

All three techniques can be used to differentiate between samples exposed to water and 
oxygen and samples that are oxygen- and water-free. STEM-EDX and EFTEM give results 
with a signal-to-noise ratio below 5, but both techniques can still be used to calculate an 
intensity profile across the P3HT:PCBM transition, using a smart averaging method. The 
EFTEM results show much larger significance than STEM-EDX results and can therefore be 
used to qualitatively assess trends in uptake.  

STEM-EELS gives a signal-to-noise ratio that is higher than the Rose criterion of 5, and the 
acquired data can therefore be used to reliably quantify the oxygen and water concentration 
in the P3HT-rich and PCBM-rich regions. We measure for samples exposed to a humid and 
oxygen containing environment an uptake of 2.4 oxygen atoms/nm3 in the PCBM-rich region, 
and an average uptake of 0.5 oxygen atoms/nm3 in the P3HT-rich region. These values have 
been corrected for signal loss due to electron beam damage and oxygen atoms present in the 
PCBM molecular structure. Based on the calculated oxygen profiles across the P3HT-PCBM 
interphase we do not measure a specific interphase uptake. 

The ability to measure and quantify oxygen and water uptake using STEM-EELS opens up 
possibilities in measuring OPV degradation due to the presence of oxygen and water. By 
changing the environment during sample preparation, we will be able to distinguish between 
chemisorbed and physisorbed oxygen and water in future experiments, and thus distinguish 
between reversible and irreversible degradation in OPV model systems. Furthermore, the 
analysis techniques presented in this chapter can be extended to other beam sensitive 
materials, especially materials whose functional properties are dependent on the presence of 
oxygen and water or other absorbed species.  
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Appendices 

5.1 Alignment of EFTEM data 

Using EFTEM in combination with a direct electron detector in counting mode allows for 
the use of dose fractionation, where instead of acquiring one image at a set electron dose, 
multiple images are acquired. The total dose is spread over a selected number of frames, 
which can be summed afterwards. Using the direct electron detector in counting mode limits 
read-out noise, and therefore this method does not decrease the signal-to-noise ratio (SNR), 
as compared to a traditional EFTEM image. The advantage in this case, for beam-sensitive 
elemental signals, is that the SNR can be calculated as a function of accumulated dose, 
optimizing the final elemental map. This is done by calculating the elemental maps for each 
accumulated frame (frame 1, frame 1+2, frame 1+2+3, etc.), by using equation A5.1 to A5.4 
(where Ielement is the intensity of the element (counts), Ipost-edge is the intensity of the post-edge 
image (counts), Ibg is the intensity of the background (counts), E5 is the upper energy of the 
post-edge image (562 eV), E4 is the lowest energy of the post-edge image (532 eV), r is a 
fitting parameter, A is a fitting parameter, Ipre-edge2 is the intensity of the pre-edge 2 image, E2 
is the upper energy of the pre-edge 2 image (529 eV), E3 is the lowest energy of the pre-edge 
2 image (529 eV), Ipre-edge1 is the intensity of the pre-edge 1 image and E1 is the lowest energy 
of the pre-edge 1 image (469 eV), as described in chapter 1.29 

𝐼𝐼element = 𝐼𝐼post−edge − 𝐼𝐼bg                                                (A5.1) 

𝐼𝐼bg =
𝐴𝐴

1 − 𝑟𝑟
(𝐸𝐸51−r − 𝐸𝐸41−r)                                               (A5.2) 

𝐴𝐴 =
(1 − 𝑟𝑟) × 𝐼𝐼pre−edge 2

𝐸𝐸21−r − 𝐸𝐸31−r
                                                (A5.3) 

𝑟𝑟 = 2
ln �

𝐼𝐼pre−edge1
𝐼𝐼pre−edge2

�

ln �𝐸𝐸2𝐸𝐸1
�

                                                    (A5.4) 

Most importantly, the use of dose fractionation also allows for drift-correction during the 
acquisition process, induced by the electron beam.31-32 

In this appendix we will show three drift-correction methods, and show the outcome as an 
oxygen map with a certain signal-to-noise ratio and with or without visible artifacts. These 
methods will be compared with a non-corrected oxygen map, the basic acquisition protocol, 
where drift-correction is only performed between the pre-edge 1 image, the pre-edge 2 image 
and the post-edge. All alignments and drift-corrections are performed using Matlab. 

The first method (x-y shift) that is used is a standard x-y translation, compensating for image 
drift, but not for image deformations (the findshift command,33 present in the DipLib library). 
Here, each frame is aligned, via cross-correlation, to the first frame of the pre-edge 2 image. 
The second method (local x-y shift) splits the images in smaller sections and compensates 
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each image for drift, allowing to compensate for total image drift and large scale 
deformations. Here, all images are split in 16 squares, where each square is aligned to the 
same square of the first frame of the pre-edge 2 image (again using the findshift command). 
The measured shifts are converted to a displacement field, which is used to align the images. 
The third and final method (pixel-based) uses the imregdemons command,34-35 which is a 
pixel-based alignment method. This method creates a displacement field for every pixel, 
aligning the pixel to the same position as in the first frame of the pre-edge 2 image. In all 
methods, the intensity of all frames is scaled to the intensity of the first frame of the pre-edge 
2 image, by using the value of the 2.5 percentile as a minimum and the value of the 97.5 
percentile as a maximum. 

 

Figure A5.1 Oxygen maps acquired with an accumulated electron dose of 400 e/Å2, using a) a pixel-
based correction method, b) an x-y shift correction method, c) a local x-y shift correction method and 
d) a non-corrected method (d). 

For each method, the images are first binned by a factor of 8, to create the pixel size that is 
used in the final oxygen map. To speed up the process, an extra binning factor of 2 is used 
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during the alignment. For the x-y shift and the local x-y shift, a binning factor of 4 is also 
applied in the z-direction, since the images were too noisy for the algorithm to find the shifts.  

After the alignment process, the calculated displacement fields are resized to the size of the 
final oxygen map, using bilinear interpolation. For the x-y shift protocol, the shift command 
of the DipLib library is used to perform the shifts, while for the local x-y shift and pixel-
based protocol the imwarp command is used. All shifts and displacements were rounded to 
full pixels.  

From the aligned stack of images, oxygen maps were calculated. The final oxygen maps, 
with an accumulated electron dose of 400 e/Å2, are shown in Figure A5.1.  

It is clearly visible that the pixel-based protocol (Figure A5.2a) shows a lot of artifacts which 
look like shading, indicating the frames are not properly aligned. This is likely due to the 
high noise levels in each frame, leading to a mismatch between pixels that should be at the 
same position. Decreasing the noise level by using a binning factor of 4 in the z-direction did 
however not improve the results. The difference between the other methods is less clear, 
indicating that no artifacts are formed during the x-y shift and local x-y shift protocol (Figure 
A5.2b and Figure A5.2c), as compared to the non-corrected oxygen map (Figure A5.2d).  

 
Figure A5.2 The signal-to-noise ratio of the oxygen maps as a function of accumulated electron dose, for the non-
corrected frames and the frames corrected by three different methods. 

The SNR as a function of accumulated dose, for all four methods, is shown in Figure A5.2. 
Here it is clear that the pixel-based protocol has the lowest increase in SNR, where the 
increase in SNR is similar for the other three methods. However, the uncorrected method 
shows the largest final SNR, indicating that all three correction methods create more noise 
than the amount of noise that is reduced by alignment of the frames. Therefore, no frame-
alignment has been performed before calculating the EFTEM oxygen maps. 
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Appendix 5.2 Comparison of a degraded EEL spectrum with an EEL spectrum of fresh PCBM 

 
Figure A5.3 EEL spectrum of a PCBM film prepared in a) an oxygen- and water-free glovebox and b) a P3HT-
PCBM model system exposed to humid air after exposure to 4000 e/Å2 

Figure A5.3a shows an EEL spectrum of a spin-coated PCBM layer while Figure A5.3b 
shows an EEL spectrum of a P3HT:PCBM model system exposed to air after exposure to 
4000 e/Å2. One can clearly see that both the oxygen K edges, starting at 537 eV energy loss, 
have the same shape and position, indicating that the oxygen present in PCBM is the only 
oxygen that is left after irradiation with the electron beam. 

Appendix 5.3 Beam-stability of power-law background parameters 

After the acquisition of the dose series on the P3HT:PCBM model system exposed to air, 
until an accumulated dose of 4000 e/Å2, and with 50 e/Å2 per spectrum, the background 
power law parameters (equation A5.5, where Ib is the background intensity, E is the electron 
energy loss (eV) and α and β are fitting parameters) were calculated for each spectrum, to 
find the oxygen K-edge intensity (Figure 5.1). The power law parameters are plotted in Figure 
A5.4, where we see that the parameter α does not change, while the parameter β only shows 
a small decrease during initial exposure. This indicates that the background is beam-stable. 

𝐼𝐼𝑏𝑏 = 𝛼𝛼 𝐸𝐸𝛽𝛽                                                        (𝐴𝐴5.5) 

 
Figure A5.4 a) the parameters α and b) the parameter β, both as a function of accumulated dose. 
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Appendix 5.4 Beam damage ratio 

Figure 5.1b shows the decay of the oxygen K edge intensity as a function of accumulated 
electron dose. This decay is exponential, and follows equation A5.6, where IK is the oxygen 
K-edge intensity (counts) and D is the accumulated electron dose (e/Å2). 

𝜕𝜕𝐼𝐼𝐾𝐾
𝜕𝜕𝑎𝑎

= 65.0 × 103 e 
−𝐷𝐷
229 + 22.6 × 103                                     (𝐴𝐴5.6) 

The total oxygen K-edge intensity acquired at a certain electron dose (D) can then be 
calculated by taking the integral of equation A5.6, as shown in equation A5.7. 

� �65.0 × 103 e 
−𝐷𝐷
229 + 22.6 × 103� d𝑎𝑎                                 (A5.7

𝑥𝑥

0
) 

Solving this equation for x = 400, the critical dose, gives an intensity of 2.15 × 107 counts. If 
the sample was not beam sensitive, the total oxygen K-edge intensity would simply be the 
square shown in Figure 4b. This square can be calculated by taking the value of equation S1 
at D=0, being 87.6 × 103, multiplied by the critical electron dose, 400 e/Å2, leading to a total 
oxygen K-edge intensity of 3.55 × 107 counts. This means that a correction factor of 3.55/2.15 
= 1.65 needs to be applied to correctly quantify the oxygen content. 

Appendix 5.5 Welch’s T-test for comparison of P3HT and PCBM mean values 

Table A5.1 shows the average oxygen intensities in the PCBM and P3HT phase of a sample 
exposed to humid air and a sample prepared in a water- and oxygen-free environment. To 
test whether the difference is significant, a Welch’s T-test is used.36-37 For the range of 
degrees of freedom in Table A5.1, a T of ± 2.6 or higher is necessary to ensure a significant 
difference at the 99% confidence level. 

Table A5.1 shows the average oxygen intensities and standard deviations of the STEM-EDX and EFTEM results, 
with the calculated T score and the number of degrees of freedom. 

 Oxygen intensity 
PCBM phase 

(counts)  

Oxygen 
intensity P3HT 
phase (counts)  

T Degrees of 
freedom 

STEM-EDX 
Exposed 

12.3 ± 3.6  11.6 ± 3.4  8 1809 

STEM-EDX 
Glovebox 

0.7 ± 0.8  0.9 ± 0.9  8 2671 

EFTEM Exposed 302 ± 259 218 ± 227  82 9 × 104 
EFTEM Glovebox 125 ± 162  120 ± 194  6 1.6 × 105 

 

Appendix 5.6 Beam-stability of sulfur and thickness maps 

To assess whether sulfur maps and thickness maps can still reliably be acquired after 
acquiring oxygen maps, dose series were acquired, and the normalized cross correlation 
coefficient (NCCC) with the first image was followed as a function of accumulated dose.16 
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It can be seen that the NCCC for the sulfur maps increases slightly as a function of 
accumulated dose, but stays constant after 1000 e/Å2 (Figure A5.5a). When EFTEM oxygen 
maps are acquired, 1215 e/Å2 are used. After this acquisition the sulfur map is relatively 
stable, and sulfur maps can thus still be reliably be acquired, since the NCCC has a value of 
0.6, which is high as compared to, e.g., OPV bulk heterojunctions.16 Figure A5.5b shows the 
NCCC of the thickness maps as a function of accumulated dose. One can clearly see that, 
after a very small initial decay, this NCCC is constant, and thickness maps can reliably be 
acquired. 

 
Figure A5.5 The normalized cross correlation coefficient (NCCC) with the initial image as a function of accumulated 
dose of a) the sulfur map and b) the thickness map of a P3HT:PCBM model system exposed to humid air 

Appendix 5.7 Calculating P3HT thickness and oxygen concentration of PCBM 

The thickness of the P3HT layer was calculated, for the STEM-EELS results, according to 
equation S4, where tP3HT is the P3HT layer thickness (nm), ρP3HT-areal is the sulfur areal density 
(atoms/nm2), calculated in Digital Micrograph, MP3HT is the molecular weight of P3HT 
(166.28 g/mol), ρP3HT is the density of P3HT (1.1 g/cm3) and NA is Avogadro’s number. 

𝑡𝑡P3HT =
𝜌𝜌P3HT−areal 𝑀𝑀P3HT

𝜌𝜌P3HT𝑆𝑆A
                                              (𝐴𝐴5.8) 

The expected oxygen content in PCBM can be calculated according to the PCBM density 
(equation A5.9, where CPCBM-oxygen is the expected oxygen content in PCBM (atoms/nm3), 
ρPCBM is the PCBM density (1.3 g/cm3), MPCBM is the molecular weight of PCBM (910.9 
g/mol) and NA is Avogadro’s number) or according to the size of a fullerene molecule (1.1 
nm diameter38), and a packing factor of 0.6 (equation A5.10), where CPCBM-oxygen is the 
expected oxygen content in PCBM (atoms/nm3), ϕ is the packing factor and r is the fullerene 
radius (nm)). 

𝐶𝐶PCBM−oxygen = 2
𝜌𝜌PCBM 𝑆𝑆A
𝑀𝑀PCBM

= 1.68                                     (𝐴𝐴5.9) 

𝐶𝐶PCBM−oxygen = 2𝜑𝜑
4
3
𝜋𝜋𝑟𝑟3 = 1.74                                   (A5.10) 
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Appendix 5.8 Discussion on oxygen content 

The conclusion that more oxygen is taken up in the PCBM-rich region requires a more 
thorough discussion in context of Figure 13a, which shows that the thickness of the PCBM 
layer is constant throughout the sample. If we assume that instead of all oxygen being 
homogeneously taken up throughout the entire film thickness but that all oxygen and water 
is taken up only in the PCBM layer of constant thickness, we still cannot account for the 
decrease in oxygen content in the P3HT-rich region. Therefore, the only possible conclusion 
that can be drawn is that PCBM in contact with a high amount of P3HT takes up less oxygen 
and water, and that little to no oxygen and water is taken up in P3HT. 

The lower oxygen and water uptake of PCBM in the presence of a high amount of P3HT may 
result from three effects mentioned in the literature: 

1. P3HT might have a stabilizing effect on PCBM, leading to a smaller uptake when 
more P3HT is present. This could be caused by the fact that, during the spin-coating 
of the PCBM layer, P3HT and PCBM mix and form a mixed layer between the 
P3HT and PCBM layers.39  

2. The PCBM rich regions are created using polystyrene. This polystyrene might have 
an effect on the orientation of the P3HT molecules at the polystyrene:P3HT 
interface, which could lead to different interactions between P3HT and PCBM in 
the P3HT-rich and PCBM-rich regions.25 

3. Either P3HT or PCBM has a specific interaction with the carbon film on the TEM 
grid, leading to specific oxygen and water uptake at a possible PCBM-carbon 
interface, or a decrease in oxygen and water uptake at the P3HT-carbon interface.40  

 
In summary, while we are not able to distinguish at present between the three effects, for 
above reasons, it can indeed be stated that oxygen and water is mainly taken up in the 
PCBM-phase, and that the uptake of oxygen and water in the PCBM-phase is dependent on 
the presence of P3HT. 

 

 



 



 
 

6 
Local chemical analysis of the oxygen- and 
water-induced photo-degradation of P3HT-
PCBM organic photovoltaics 

Abstract 

The potential of organic photovoltaics (OPVs) due to their ease of processing is offset by 
their rapid performance degradation, especially in the presence of oxygen and water. Oxygen 
and water can be absorbed reversibly and irreversibly, leading to, e.g., oxygen doping and 
photo-oxidation, respectively. This can subsequently change energy levels and reduce light 
absorbance, decreasing the performance efficiency of the OPV device. In this chapter, a 
systematic study is presented on the different stages of OPV degradation in a P3HT-PCBM 
model system, i.e., pristine samples, samples with physisorbed oxygen and water (reversible) 
and samples with chemisorbed oxygen and water (irreversible), utilizing the full capabilities 
of STEM-EELS. We show that oxygen and water are mainly physisorbed, and that these 
physisorbed species have a large effect on the band structure of, especially, PCBM. 
Furthermore, we show that degradation decreases the amount of C=C bonds and increases 
the amount of C-O-C bonds in the sample. Moreover, this chapter shows the full potential of 
STEM-EELS as a tool to measure local chemical changes. 
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6.1 Introduction 

To make the transition from fossil fuels to renewable energy, new energy sources are 
necessary. As discussed in chapter 1, the use of solar energy is one of the major contenders 
to replace fossil fuels, via the conversion of solar energy to electricity. Organic photovoltaics 
(OPVs) show great potential due to their ease of processing. However, the rapid photo-
degradation of organic photovoltaics (OPVs), mainly caused by the uptake of oxygen and 
water,1-3 is one of the main reasons that OPVs have not been able to conquer the market. The 
uptake of oxygen and water in OPV can either be physisorption or chemisorption. 
Physisorption is, in principle, reversible, while chemisorption is not reversible due to 
chemical changes. Physisorption can cause, e.g., p-doping in P3HT,4-5 while chemisorption 
is linked to the photo-oxidation of materials during (UV) illumination. The combination of 
both can cause changes in morphology6-7 and energy levels, leading to a lower efficiency. 
The interaction of oxygen and water with P3HT can, e.g., cause a loss of alkyl and thiophene 
groups,8 where PCBM can undergo dimerization,9-11 or oxygen can bond to the fullerene 
group.12-13 In both cases, this leads to a decrease in aromaticity and conjugation length and, 
therefore, a decrease in light absorbance and, ultimately, performance efficiency. 

The chemical degradation of OPVs will thus affect the chemical bonds in the structure, 
resulting in changes to the band structure of the donor and acceptor materials. This can be 
noticed, e.g., in the UV-vis spectrum, where the light absorbance of P3HT decreases upon 
UV-vis illumination.7,14-15  

As we have shown in Chapter 5, cryogenic STEM-EELS is the preferred technique to 
quantitatively analyze the uptake oxygen and water across P3HT-PCBM interfaces of 
columnar model systems, since it shows the highest signal-to-noise ratio (SNR) as compared 
to EFTEM and STEM-EDX. The first results from STEM-EELS analysis show that the 
physisorption of oxygen and water mainly occurs in the PCBM-rich regions, and no specific 
interphase uptake is found. It is, however, not the physisorption of oxygen and water, but 
mainly the chemisorption that has a large effect on the decrease of the power efficiency.2-3,16 
Therefore, a systematic study of the different stages of OPV degradation needs to be carried 
out, comparing pristine samples with samples exposed to water and with samples exposed to 
UV-illumination in a humid environment, with physisorbed components removed. 

To do so the full capabilities of STEM-EELS can be utilized, which go far beyond the 
quantification of elemental concentrations. By analyzing the shape of the Energy Loss Near 
Edge Structures (ELNES) of the carbon K edge, one can access information about the nature 
of the chemical bonding in the materials.17-19 In terms of OPV material degradation, one can 
hereby think of a decrease in C=C bonds upon degradation, or an increase in C-O or C=O 
bonds due to oxidation. Furthermore, monochromated (STEM-)EELS has been used recently 
to analyze the band structure of P3HT and PCBM, calculating the complex dielectric 
function.20-21 Moreover, EFTEM has been used to characterize the microstructure of OPV 
materials, at energies corresponding to the electronic transition of P3HT and PCBM.22 This 
opens up the possibility to locally analyze changes in the band structure upon the exposure 
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of OPV materials to oxygen and water, and upon photo-degradation in the presence of oxygen 
and water.   

In this chapter, (monochromated) cryogenic STEM-EELS is used to study the degradation of 
P3HT-PCBM model systems across the P3HT-PCBM interphase. First, the uptake of oxygen 
and water will be quantified, making the distinction between physisorbed and chemisorbed 
species. Hereafter a detailed analysis of the oxygen and carbon K edge is shown, to 
investigate the chemical bonding in the materials. Lastly, changes in the band structure as an 
effect of degradation will be studied using state of the art high resolution STEM-EELS. 

6.2 Experimental section 

6.2.1 Materials 

Poly(3-hexylthiophene) (P3HT, Plexcore OS 2100), polystyrene (PS, average Mw 35000 
g/mol) and chlorobenzene were purchased from Sigma Aldrich. The solvents acetone, 
dichloromethane (DCM, stabilized with Amylene) and 2-propanol were acquired from 
Biosolve. Solenne B.V. provided Phenyl-C61-Butyric acid methyl ester (PCBM, 99.5% 
purity). TEM grids (carbon film on 200 mesh copper grids, CF200-Cu) were obtained from 
EMS Diasum. All materials were used as purchased. 

6.2.2 Sample preparation 

22.5 mg P3HT and 7.5 mg PS were dissolved in 1 ml chlorobenzene. The solution was stirred 
at 70 °C for 24 h to completely dissolve the materials.23-24  

A custom-made specimen holder, as described in Chapter 2, was cleaned by ultrasonication 
in acetone for 30 minutes, followed by rubbing with soap and rinsing with demineralized 
water. Afterwards, the specimen holder was ultrasonicated in isopropanol for 30 minutes, 
followed by a final UV-ozone treatment for 30 minutes.  

The P3HT-PS solution was spin-coated (using a Laurel WS-650-23NPP-LITE Spin Coater 
outside the glovebox and an SPS POLOS Spin 150i inside the glovebox) on a TEM grid 
loaded specimen holder at 2000 rpm for 1 minute. The spin-coated TEM grid was removed 
from the specimen holder and submerged in acetone for 1 h to remove all PS, whilst stirring. 
Hereafter, the TEM grid was washed with acetone to achieve complete polystyrene removal. 
The washed TEM grid was loaded on a freshly cleaned specimen holder, and PCBM was 
spin-coated on top at 3000 rpm for 1 minute. Three samples were prepared: 1) an oxygen- 
and water-free sample prepared in a glovebox, 2) a sample exposed to oxygen and water 
containing only physisorbed oxygen and water and 3) a degraded sample with physisorbed 
oxygen and water removed, thus only containing chemisorbed oxygen and water. The 
samples were prepared in either a glovebox with inert atmosphere, or in air. Glovebox 
samples were submerged in liquid nitrogen, directly after leaving the glovebox (M-Braun 
Labmaster Glove Box System) to minimize exposure to air. Samples prepared in air were 
exposed to 100% humidity in a Vitrobot for 10 minutes before plunge-freezing in liquid 
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ethane. Degraded samples were exposed to UV-illumination for 1 hour, where the power of 
the UV lamp (high pressure mercury lamp, Dr. Hönle AG) was 142 mW/cm2 (50 mW/cm2 
UVV, 69 mW/cm2 UVA, 23 mW/cm2 UVB and o mW/cm2 UVC), as measured by a UV 
Power Puck. After degradation the samples were stored overnight in vacuum (10−2 mbar) to 
remove physisorbed components, before submerging in liquid nitrogen. 

6.2.3 Microscopy 

The STEM-EELS core-loss signals were acquired on a Talos F200X (Thermo Fisher 
Scientific) at Nanoport Eindhoven, operated at 200 kV, equipped with a field emission gun 
with X-FEG emitter and a Fischione HAADF detector. The EELS signal was acquired with 
a Gatan Enfinium Spectrometer and a Ceta 16M CMOS camera. A Gatan cryo-holder was 
used.  

Core-loss spectrum images were acquired with 128 × 128 × 2048 pixels and a 9000 µs/pixel 
dwell time, a probe current of 328 pA and pixel sizes of 17.12 nm and 0.25 eV. A camera 
length of 60 mm was used at a magnification of 57 × 103, at a convergence semiangle of 10 
mrad and a collection semiangle of 30 mrad. Zero-loss spectrum images were acquired at the 
same settings, but with a dwell time of 100 µs/pixel. STEM-EELS sulfur maps and oxygen 
maps were extracted in Digital Micrograph, selecting the sulfur and oxygen edges, and 
calculating a background from a 100 (sulfur) and 125 (oxygen) eV wide section of the 
spectrum. 

Monochromated low-loss spectrum images were acquired on a Themis microscope (Thermo 
Fisher Scientific) at Thermo Fisher Scientific (Eindhoven), operated at 60 kV and equipped 
with an Ultimono Monochromator, a Quantum GIF and a Gatan ADF detector. A Gatan cryo 
holder was used. The energy resolution (FWHM of the zero-loss peak) in vacuum was 35 
meV. A magnification of 63 × 103 was used with an exposure time of 0.005 s.  

6.2.4 Data analysis 

Image analysis was performed in a similar fashion as described in chapter 2. In brief, a sulfur 
map was used to create a binary mask, containing circular regions. The outer ring of the 
circular regions was selected to create an interface mask, which was multiplied with either 
the oxygen map, the sulfur map or the thickness map. The average intensity within the rings 
was calculated. The last two steps were repeated after eroding and dilating the rings of the 
interface mask, creating an average intensity profile over the PCBM-P3HT interface. For the 
HR STEM-EELS spectrum images the ADF images were used to create a mask. Due to the 
lack of sulfur signal in the degraded sample, the ADF image was used for this sample as well.  

Data analysis was extended to 3D graphs to analyze the shape of the oxygen and carbon K-
edge and the HR-EELS spectra, calculating the average spectra per ring instead of average 
intensity. Afterwards, average spectra were created of the PCBM-rich region, the interphase 
region and the P3HT-rich region. 5 spectra were selected for each region (i.e., the PCBM-
rich region, the interphase region and the P3HT-rich region), which were averaged to obtain 
the graphs that are shown throughout the chapter. 
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Quantification of the oxygen content was performed in Digital Micrograph, where the loss in 
oxygen edge intensity due to beam damage was compensated for by multiplying with a factor 
of 1.65 (see chapter 5 for details). 

Plural scattering of the oxygen and carbon K edge was removed using Digital Micrograph, 
employing the Fourier ratio protocol. The ionization continuum of the carbon K edge was 
removed by fitting equation 6.1 to the spectrum25 between 300 and 330 eV, where E0 is the 
onset energy (eV), Em is the energy loss at the maximum intensity (eV), Im is the maximum 
intensity and r is a fitting parameter. E0 was set at 279 eV, r was set 15 and Em was set at 320 
eV. Im was fitted to the maximum intensity of the selected part of the spectrum. This 
ionization continuum was subtracted from the carbon K edge. To the resulting data, 6 
Gaussians were fitted to access bonding information17,25 using the nonlinear least-squares 
fitting protocol in Microsoft Excel. For all parameters we used unconstrained fitting.  

𝐼𝐼(𝐸𝐸) = 𝐼𝐼mexp �−𝑟𝑟 �ln
𝐸𝐸
𝐸𝐸m

−
𝐸𝐸m − 𝐸𝐸0
𝐸𝐸m

+
(𝐸𝐸m − 𝐸𝐸0)2

𝐸𝐸m(𝐸𝐸 − 𝐸𝐸0)��                            6.1 

The oxygen and carbon K edges were normalized by subtracting the minimum from each 
spectrum, and dividing each spectrum with its resulting maximum. The HR-EELS data was 
split up in two parts, where the part of the spectrum between 0 and 1 eV and the part of the 
spectrum between 1 and 8 eV were normalized separately. This was done because the part of 
the spectrum between 0 and 1 eV contained remainders of the zero-loss signal, as an effect 
of imperfect zero-loss subtraction, making it difficult to compare different regions if the 
spectrum was not split up. 

The zero-loss signal in the HR-EELS spectra was removed by fitting a power law to the zero-
loss signal ranging from 0.1 eV to 0.3 eV. This was performed in Digital Micrograph. To 
smoothen the low loss data a 10 pixel median filter was performed on the zero-loss subtracted 
data. 

6.3 Results and discussion 

The three samples, i.e., the glovebox sample, the exposed sample and the degraded sample 
are investigated first in terms of oxygen and water concentration, to see, quantitatively, in 
which phase oxygen and water are mainly absorbed. Next, to assess changes in chemical 
bonding, the shape of the oxygen K edge and carbon K edge are analyzed, before HR-EELS 
results are shown assessing the effects of oxygen and water physisorption and chemisorption 
on the band structure of P3HT and PCBM. 

6.3.1 Quantification of oxygen uptake 

Figure 6.1 shows the oxygen maps of a sample that is not exposed to oxygen and water (a, 
the ‘glovebox’ sample), a sample that is exposed to humid air (b, the ‘exposed’ sample), 
containing only physisorbed oxygen and water, and a sample that is degraded in UV light, in 
the presence of air, and subsequently been held under vacuum for 24 h (c, the ‘degraded’ 
sample), therefore only containing chemisorbed oxygen and water. Since the images use the 
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same color scale, one can clearly see that the sample exposed to humid air has the highest 
oxygen intensity (62.9 atoms/nm2), while the glovebox sample has the lowest oxygen 
intensity (13.4 atoms/nm2), indicating that the amount of oxygen that is physisorbed is larger 
than the amount of oxygen that is chemisorbed. Furthermore, the images show that the 
oxygen content in the degraded sample (42.1 atoms/nm2) is higher than in the glovebox 
sample, indicating the presence of chemisorbed oxygen and water. Furthermore, it is clear 
that the PCBM-rich regions (the bright regions) show a larger oxygen content. 

 
Figure 6.1 Oxygen areal density maps of a) a sample prepared in a glovebox, b)a sample exposed to water and 
oxygen and c) a degraded sample containing chemisorbed oxygen and water. 

The image analysis protocol, explained in Chapter 2, is applied to the oxygen maps in Figure 
6.1, leading to the transition profile of the oxygen concentration across the PCBM-P3HT 
interphase shown in Figure 6.2, where the concentration is calculated from the planar 
concentration and the thickness. One can clearly see that the exposed sample indeed has the 
highest oxygen concentration. However, the oxygen concentration in the degraded and 
exposed sample seem similar, especially in the PCBM-rich region (at negative positions). It 
is, however, expected that the actual oxygen concentration in the degraded sample is higher 
than in the glovebox sample, since oxygen will react with P3HT and PCBM. The fact that 
the concentrations are similar can possibly be explained by the fact that the oxygen map of 
the glovebox sample has a very low signal-to-noise ratio (see Appendix 6.1), which causes 
unreliable quantification (see Chapter 5). Furthermore, degradation might cause changes in 
the inelastic mean free path, causing deviations in the calculated thickness that are not 
accounted for and could also lead to incorrect concentrations. Due to the presence of oxygen, 
which is slightly heavier than carbon, it is expected that the amount of scattering increases, 
and that the inelastic mean free path consequently decreases. This means that the thickness 
of the degraded sample is likely to be overestimated and, hence, that the oxygen concentration 
is underestimated. Lastly, the rate of beam damage of the oxygen signal might be lower in 
the glovebox sample, due to a different nature of the oxygen bonding that is present. Treating 
the effect of beam damage in the same fashion, using a correction factor of 1.65, for both the 
degraded and the glovebox sample might therefore artificially increase the oxygen content in 
the glovebox sample, since the correction factor is likely to be lower for the glovebox sample 
since less oxygen and water is present. 
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Figure 6.2 a) The oxygen concentration profile across the P3HT-PCBM interphase for the glovebox, exposed and 
degraded sample. b) The thickness profile across the P3HT-PCBM interphase for the glovebox, exposed and 
degraded sample. 

In Table 6.1 the parameters of the hyperbolic tangents, fitted to the data in Figure 6.2, are 
shown, where we find the oxygen content in the PCBM- and P3HT-rich regions. The average 
oxygen content in the PCBM-rich region of the exposed sample is 7.3 atoms/nm3, while the 
average oxygen content in the P3HT-rich region is 1.8 atoms/nm3. Upon degradation and 
vacuum exposure (which removes the physisorbed oxygen and water), this decreases to 1.0 
atoms/nm3 and 0.6 atom/nm3 for the PCBM-rich and the P3HT-rich region of the degraded 
sample, respectively. Due to the low SNR of the glovebox sample, the oxygen concentrations 
of this sample are not quantified, as is explained in chapter 5. If we assume that the trend of 
the glovebox sample is correct and we compare this with the trend of the degraded sample, 
we see that the oxygen content mainly increases in the P3HT-rich region, indicating oxygen 
and water is mainly chemisorbed in the P3HT-rich region.   

Table 6.1 Parameters of the hyperbolic tangent fit to the oxygen concentration profiles of the glovebox, exposed and 
degraded samples, along with the R2 values. 

 

 

 

 

Oxidation in the P3HT-rich region might also show up in another part of the core-loss 
spectrum, i.e., the sulfur L edge. The sulfur edge is completely invisible in the degraded 
sample, as compared to the glovebox sample. This could be caused by, e.g., changes in the 
sulfur L edge shape upon degradation, i.e., changes in the chemical bonding, or by the fact 
that the sulfur L edge becomes more beam sensitive upon UV-degradation. The sulfur L edge 
spectra can be found in Appendix 6.2. Since the sulfur L edge is not present in the degraded 
sample, we can unfortunately not compare the oxygen content in the degraded sample with 
the expected oxygen content from the oxygen atoms present in the PCBM molecules, since 
we cannot quantify the P3HT thickness. 

 Glovebox Exposed Degraded 
x0 −31 ± 6 −40 ± 3 −2 ± 2 
2w 88 ± 5 76 ± 3 62 ± 2 

Max 1.20 ± 0.03 7.35 ± 0.75 0.98 ± 0.003 
Min 0.28 ± 0.02 1.81 ± 0.40 0.62 ± 0.002 
R2 0.999 0.999 0.999 
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From this, we conclude that the amount of oxygen and water that is reversibly physisorbed 
(7.3 atoms/nm3 and 1.8 atoms/nm3 for the PCBM-rich and P3HT-rich region, respectively), 
is much larger than the amount of oxygen that reacts with the photoactive layer upon UV 
exposure of 1 hour, i.e., the chemisorbed oxygen content (1.0 atoms/nm3 and 0.6 atoms/nm3 
for the PCBM-rich and P3HT-rich region, respectively), during our degradation protocol.  

6.3.2 Chemical bonding analysis based on the oxygen and carbon K edge 

To analyze the chemical bonds of the oxygen atoms that are present in the different regions, 
the shape of the oxygen K edge of each region is analyzed. Figure 6.3 shows the average 
oxygen K edge shape of the PCBM-rich, the interphase and the P3HT-rich region for the 
three samples. It is clear that the shape edge is similar in all three samples and regions, apart 
from the small signal that is visible at 528 eV, which we identified as molecular oxygen 
(O2).26-27 This indicates that the glovebox sample and the degraded sample are indeed free of 
molecular oxygen, and proves that the uptake of physisorbed oxygen is measured. Since the 
maximum intensity of the oxygen signal is the largest in the PCBM-rich region (see Appendix 
6.3 for the spectra before normalization) the PCBM-rich region, quantitatively, has a larger 
O2 uptake than the other regions. Furthermore, it is clearly visible that the glovebox sample 
has much larger noise levels, as indicated before, limiting the reliability of the quantification 
process.  

 
Figure 6.3 The oxygen K edge of the glovebox, exposed and degraded sample, where the average edge shape is 
given of a) the PCBM-rich region, b) the interphase region and c) the P3HT-rich region. 

The carbon K edge contains information about the nature of the chemical bonding of the 
carbon atoms present in the sample.17-19,28-31 The EEL spectra of the carbon edge were 
processed by removing plural scattering, and removing the ionization continuum (see 
Appendix 6.4 for more information). To gain insight into the different transitions the 
processed data were decomposed in six Gaussians,17,26,31 finding six bonding specific 
energies as shown in Figure 6.4. These energies are 285 eV (black curve), 287 eV (red curve), 
290 eV (green curve), 292 eV (blue curve), 298 eV (pink curve) and 305 eV (orange curve).  

As each Gaussian can be assigned to a specific chemical bond, the area of the different 
Gaussians was determined to infer relative occurrence and changes upon oxygen and water 
exposure as well as degradation (Table 6.2).  
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Figure 6.4 Gaussians representing chemical bonding fitted to the carbon K edge of a) the PCBM-rich region, b) the 
interphase region and c) the P3HT-rich region.  

Table 6.2 Position and peak area of the Gaussian functions shown in Figure 6.4. 

 

 

 

 

 

 

 

 

 

 

The signal at 285 eV in Figure 6.4 and Table 6.2 is assigned to the s-π* transition, i.e., the 
carbon-carbon double bond.17 As one can see, the area of this signal decreases upon exposure 
to oxygen and water. Since it is not expected that the mere presence of oxygen and water 
already starts breaking the carbon double bonds, this decrease can only be explained by 
electron beam damage, as shown in chapter 3. As the exposure to oxygen and water increases 
the rate of electron beam damage during data acquisition, the carbon-carbon double bond will 
be broken at a faster rate in the exposed sample, leading to a smaller peak area.1 In the PCBM-

                                                           
1 This could, e.g., be proven by using dose fractionation, i.e., acquiring 4 spectrum images 
at 100 e/Å2 each and comparing the area of the signal in each spectrum image, where in 
this case a decrease of area is expected as a function of accumulated dose. 

Region Sample Position 
(eV) Area Position 

(eV) Area Position 
(eV) Area 

PCBM 
Glovebox 285 0.61 287 0.33 290 0.56 
Exposed 285 0.39 287 0.24 290 0.46 
Degraded 285 0.33 287 0.72 291 0.63 

Interphase 
Glovebox 285 0.66 287 0.30 290 0.46 
Exposed 285 0.45 287 0.25 290 0.37 
Degraded 285 0.40 287 0.58 291 0.82 

P3HT 
Glovebox 285 0.56 287 0.24 290 0.41 
Exposed 285 0.46 287 0.25 290 0.49 
Degraded 285 0.59 287 0.27 290 0.68 

Region Sample Position 
(eV) Area Position 

(eV) Area Position 
(eV) Area 

PCBM Glovebox 292 3.41 298 5.93 305 3.33 
 Exposed 291 2.46 298 5.85 304 3.20 
 Degraded 293 3.31 300 8.02 313 0.50 

Interphase Glovebox 291 3.11 298 5.81 304 3.66 
 Exposed 291 2.58 297 6.03 304 3.07 
 Degraded 292 2.70 299 8.63 313 0.66 

P3HT Glovebox 291 2.88 298 6.76 306 2.83 
 Exposed 291 2.67 297 6.21 305 2.65 
 Degraded 292 3.01 299 8.27 313 0.70 
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rich region and in the interphase region, the peak area decreases further upon degradation, 
indicating the C=C bonds in the fullerene part of PCBM are broken. In the P3HT-rich region, 
the peak-area stays similar upon degradation, indicating that oxygen and water do not tend 
to react with the double bonds present in the thiophene ring.  

The peak present at 287 eV is assigned to the s-σ* transition,17 i.e., the C-H bond. Here it is 
clear that the area of this peak increases upon degradation in the PCBM-rich and the 
interphase region, which can be assigned to the breaking of carbon-carbon double bonds and, 
therefore, an increase in C-H bonds. Since there does not seem to be a decrease in C=C 
bonding in the P3HT-rich region, no clear increase in C-H bonds is expected here. The third 
signal, at 290 eV, can be assigned to the s-σ* transition of the C-O-C bonds.17 There is a clear 
increase in peak area upon degradation, indicating that oxidation takes place, mainly in the 
P3HT-rich and interphase region. Upon exposure, there are no clear changes present in this 
signal. Since no clear decrease is seen in C=C bonds in the P3HT-rich region, it is expected 
that oxygen will mainly react with the alkyl tail, or at the sulfur site of the thiophene ring. 
The latter is also indicated by the decrease of the sulfur L edge, which could be caused by a 
change in peak shape.2 Furthermore, the lack of increase in C-O-C bonding in the PCBM-
rich region of the degraded sample begs for the question where the oxygen in the PCBM-
region is present. This question might be answered by the sample treatment: the degraded 
sample, after UV illumination, is left overnight in vacuum at 10−2 mbar. Although this 
removes all the O2 present, as indicated by the removal of the oxygen signal at 528 eV, it 
could be that not all water is removed in the PCBM-rich region. This could cause the 
mismatch between the increase in oxygen signal and increase in C-O-C bonding between the 
glovebox and degraded sample. 

The remaining signals are harder to assess and are usually assigned to s-σ* transitions of C-
C bonds. Upon degradation, there is a clear increase in peak area of the signal at ~300 eV, 
while the peak area of the final signal decreases significantly upon degradation. It is, 
however, hard to assign what actually occurs in this region of the spectrum, since the quality 
of fit of the ionization continuum will have a large influence on this part of the spectrum. 
Theoretical calculations have to be made to assign each peak to a bonding state with higher 
certainty, since literature is not conclusive on the location for each electronic transition.17-

18,32 

In conclusion, the analysis of the edge shape of the oxygen and carbon K edge can give a 
wealth of chemical information. In this case, the oxygen K edge shows the presence of O2 in 
the exposed sample, while the carbon K-edge shows a decrease in C=C bonding in the 

                                                           
2 For the analysis of the nature of the sulfur chemical bond, STEM-EDX might be a more 
suitable technique, since STEM-EDX has the opportunity to probe the sulfur K edge, which 
is located at a too high energy loss for EELS analysis.  
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PCBM-rich region and an increase in C-O-C bonding in the P3HT-rich region. No specific 
interphase effects are found. 

6.3.3 High-Resolution EELS analysis of the P3HT and PCBM band structure 

In addition to changes in the chemical bonding, changes in the optical part of the spectrum 
will also have a large effect on device efficiency, since this part of the spectrum describes the 
energy levels of the P3HT and PCBM molecules. The optical part of the spectrum is located 
below 10 eV in the EELS spectrum. High energy-resolution STEM-EELS had to be used to 
analyze this low-loss part of the spectrum. Figure 6.5 shows average high-resolution EELS 
spectra of the low-loss region of the PCBM-rich, the interphase and the P3HT-rich region of 
the glovebox, the exposed and the degraded sample. All spectra are the average of 5 spectra 
in each region. First, one can see a signal located at 0.4 eV in all spectra, although the signal 
is most pronounced in the PCBM-rich region, in the exposed and degraded samples. In the 
P3HT-rich region of the glovebox sample, this signal only appears as a shoulder on the 
remainders of the zero-loss signal, which are present due to an imperfect zero-loss signal 
subtraction. The signal at 0.4 eV (around 3200 cm−1), which we assign to an O-H bond 
stretch.20 This shows that the (physi- or chemisorbed) water content is the highest in the 
PCBM-rich region, and that water is present in both the exposed and the degraded sample. 
The small signal observed in the glovebox sample indicates that the water concentration is 
indeed lower in the glovebox sample. With this we conclude that the water and/or oxygen 
concentration is indeed higher in the degraded sample than in the glovebox sample, 
strengthening the earlier conclusion that the signal-to-noise ratio of the oxygen signal is too 
small to provide a reliable quantification, since this quantification shows an equal oxygen 
concentration for the glovebox and degraded sample in the PCBM-rich region. 

 
Figure 6.5 HR-EELS spectra of a) the PCBM-rich region, b) the interphase region and c) the P3HT-rich region for 
the glovebox, exposed and degraded sample. 

Furthermore, in the PCBM-rich region of the degraded sample, an extra signal is present at 
~0.2 eV. Due to the uncertainty in the background subtraction it is, however, highly unlikely 
that the exact location and chemical information of the signal can be resolved. This part of 
the spectrum can most likely be resolved by using aloof beam EELS, where the zero-loss 
peak is not recorded.33-34 Lastly, the interphase signal seems to be a linear combination of the 
P3HT-rich and the PCBM-rich region, especially for the glovebox and the exposed sample, 
showing no specific interphase effect.  
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At an energy loss between 1 and 8 eV, the energy levels of P3HT and PCBM are present. 
The energy level of P3HT is located at 2.6 eV, while PCBM shows transitions at 3.7 eV, 4.8 
eV and 6.5 eV.22 

In the PCBM-rich region of the glovebox sample (Figure 6.5a), there are indications of the 
PCBM transitions at 3.7 eV and 4.8 eV, while the transition at 6.5 eV is clearly visible, along 
with the P3HT signal at 2.6 eV, indicating that there still is P3HT present in the PCBM-rich 
region. When this sample is exposed to oxygen and water, the electronic transitions seem to 
fade in the PCBM-rich region. This infers that the physisorption of oxygen and water can 
already influence the band structure of OPV devices, proving the importance of, e.g., 
encapsulation of organic solar cells to keep the device oxygen- and water-free. Upon 
degradation, the transition at 6.5 eV appears again. This indicates that the electronic 
transitions in PCBM are mainly hindered by the physical uptake of oxygen and water, or 
oxygen doping, as is the case for C60 molecules,35 and not by oxidation. Furthermore, the 
P3HT transition starts to appear clearly in the degraded sample, indicating that intermixing 
takes place upon UV-illumination or upon heating. Moreover, the increase of the P3HT signal 
can be caused by thermal annealing, which is a well-known method to increase the power 
conversion efficiency.36-39 Since heating is a side-effect of UV-illumination, it might be the 
case that thermal annealing occurs in this system upon degradation. The increase in the 
PCBM signal at 6.5 eV might be caused by the removal of physisorbed oxygen and water in 
vacuum after degradation, minimizing oxygen doping. 

In the interphase region (Figure 6.5b), the P3HT signal at 2.6 eV and the PCBM signal at 6.5 
eV are present, and there is a slight indication of the PCBM signal at 4.8 eV being present as 
well. This indicates a mixed phase of P3HT and PCBM, which is expected in the interphase 
region. After exposure to oxygen and water, the PCBM signal at 6.5 eV disappears, as in the 
PCBM-rich region. However, the P3HT signal remains visible, which is not the case in the 
PCBM-rich region, indicating that either more P3HT is present, causing the signal to remain 
above the noise level, or that the effect of oxygen and water on P3HT is possibly reduced in 
the interphase. After degradation, the P3HT signal and the PCBM signal at 6.5 eV are 
prominently visible again, again indicating thermal annealing of P3HT and the removal of 
oxygen doping in PCBM.  

When looking at the P3HT-rich region (Figure 6.5c), one can clearly see the presence of the 
P3HT transition at 2.6 eV, as is expected. The PCBM signals are, however, not present, or 
lost in background noise. No clear changes are visible between the glovebox and the exposed 
spectrum. In the degraded spectrum, the PCBM transition at 6.5 eV does, however, appear 
again, as well as a clearer signal for P3HT at 2.6 eV.  

In summary, the uptake of oxygen and water has a large effect on the band structure of 
PCBM, while less changes are visible in the P3HT band structure. Upon degradation and 
vacuum treatment, the band structure of PCBM starts to reappear, due to the removal of 
volatile oxygen and water, removing oxygen doping. 
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6.4 Conclusions 

In this chapter we present a spatially resolved chemical analysis of the degradation of a 
P3HT:PCBM model system, due to the uptake of oxygen and water. The amount of oxygen 
and water that is physisorbed is much larger than the amount of oxygen and water that is 
chemisorbed (7.4 atoms/nm3 versus 1 atoms/nm3 in the PCBM-rich region and 1.9 atoms/nm3 
versus 0.6 atoms/nm3 in the P3HT-rich region). The oxygen K edge shows the presence of 
molecular oxygen in the exposed sample, proving that in cryogenic samples volatile species 
such as oxygen are preserved. Analysis of the carbon K edge allows us to track changes in 
the chemical bonding structure upon degradation, showing a decrease in C=C bonds and an 
increase in C-O-C bonds. 

The use of cryogenic, monochromated STEM-EELS gives a wealth of information about the 
electronic structure of the materials, showing that the presence of physisorbed oxygen and 
water decreases the detectability of the PCBM energy levels. Surprisingly, upon degradation, 
parts of the PCBM transition start to reappear, indicating that oxygen doping is reversible 
and a main cause of changes in the band structure of PCBM. By analyzing the near-infrared 
part of the spectrum, we can see that the O-H bond is mainly present in the PCBM-rich 
regions. 

The techniques employed in this chapter can be used in the future to analyze chemical 
changes in beam-sensitive materials, especially materials of which a thorough understanding 
of the electronic structure is needed, such as new-generation organic photovoltaic materials, 
perovskites or other flexible electronic devices. 
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Appendices 

Appendix 6.1 Signal-to-noise ratio of the oxygen maps 

The SNRs of the oxygen intensity of the PCBM-rich region and the P3HT-rich region, 
calculated as μ/σ, are shown in Table A6.1. Here we see that the SNR for the glovebox sample 
is lower than 5, which is too low according to the Rose criterion. The SNRs for the exposed 
and degraded samples are larger than 5, indicating that the data is reliable. 

Table A6.1 Intensity, standard deviation and signal-to-noise ratio (SNR) of the PCBM-rich and P3HT-rich regions 
of the glovebox, exposed and degraded sample, showing that the SNR of the glovebox sample is lower than 5 and 
therefore not suitable for quantification. 

 Oxygen intensity PCBM 
phase in counts (SNR) 

Oxygen intensity P3HT 
phase in counts (SNR) 

Glovebox 2491 ± 885 (2.8) 1607 ± 855 (1.9) 
Exposed 32706 ± 5686 (5.8) 23824 ± 4566 (5.2) 
Degraded 17863 ± 1446 (12.4) 14731 ± 1232 (12.0) 

 

Appendix 6.2 Disappearance of the sulfur L edge upon degradation 

In Figure A6.1 the sulfur L edge of a glovebox sample and a degraded sample are shown. It 
is clearly visible that the edge, which is a delayed edge in the glovebox sample, disappears 
in the background in the degraded sample.  

 
Figure A6.1 Sulfur L edge of the P3HT-rich region of a) the glovebox sample and b) the degraded sample, showing 
a loss of the sulfur L edge 

Appendix 6.3 Intensity of oxygen K edge of exposed sample 

In Figure A6.2 we see the absolute intensities of the spectra shown in Figure 6.3. We see that 
not only the overall signal is higher in the PCBM-rich region, but also that the initial, small 
signal at 528 eV is higher in the PCBM-rich region, indicating more molecular oxygen is 
absorbed in the PCBM-rich region.  
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Figure A6.2 Oxygen K edge of the PCBM-rich region, the interphase region and the P3HT-rich region of an exposed 
sample, showing an increase in intensity for the signal at 582 eV. 

Appendix 6.4 Removing the ionization continuum from the Carbon K edge 

Before the carbon K edge can be deconvolved in Gaussians, the ionization continuum was 
removed. A shown in Figure A6.3a, the ionization continuum (see section 6.2.4) was fitted 
to the data, making sure the fit was good at 325 eV. The quality of fit does seem to decrease 
at higher energy losses, but these were not necessary to calculate the Gaussians shown in 
Figure A6.3b. 

All non-linear least squares fits in Figure A6.3b have an R2 of at least 0.9999. 

 
Figure A6.3 a) Fitting of an ionization continuum to the carbon K edge. b) Example of a carbon K edge, showing 
the actual data along with the 6 fitted Gaussians. 
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This thesis presents an advanced electron microscopy study of the degradation of organic 
photovoltaics (OPVs), and more specifically analyzes the degradation process in OPVs in the 
presence of oxygen and water. This is a particularly relevant topic since degradation in 
presence of oxygen and water is a major drawback of OPVs,1-3 as compared to inorganic 
(silicon) solar cells. Understanding this degradation is therefore essential to realize the full 
potential of OPVs in terms of contributing to the transition of fossil fuels to renewable energy. 
Most efforts have been focused on revealing changes at the donor-acceptor interface due to 
the fact that exciton dissociation, and hence power generation, occurs at this interface, with 
minor chemical changes at this interface being proposed to have a large effect on the power 
efficiency of OPVs. To analyze the nanoscale composition of OPV systems, as a function of 
the uptake of oxygen and water, (Scanning) Transmission Electron Microscopy (STEM) was 
employed in this thesis. 

While (S)TEM analysis offers the required spatial resolution to analyze OPV interfaces, it 
cannot be employed to the common bulk heterojunction morphology on account of images 
being 2D projections of a 3D system, such that donor and acceptor phases overlap and the 
interface information therefore disappears in bulk donor-acceptor information. To gain 
access to the interface in a 2D projection columnar model systems were created, where the 
donor-acceptor interface was placed parallel to the electron beam. Poly(3-hexylthiophene) 
(P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) were choses as model materials, 
being one of the most widely studied combination of materials in OPV research. The creation 
of the model system has been described in Chapter 2, where the phase separation of P3HT 
and polystyrene (PS) is used to create PS islands in a P3HT matrix. By removing the PS with 
acetone, PCBM can be spin-coated on the P3HT matrix, creating a columnar model system. 
Although the sizes of the columns (~200 nm) creates devices that are expected to have a very 
low power conversion efficiency, the large amount of P3HT-PCBM interface parallel to the 
electron beam was the only possibility to gain access to fundamental insight into interface 
composition and morphology. Based on the morphology of the columnar model system a 
new data averaging scheme was introduced to fully benefit from the amount of interface 
information, enabling the calculation of intensity transition profiles across the P3HT-PCBM 
interfaces from single TEM images. The data averaging scheme is specifically designed for 
columnar model systems, but can be extended to other shapes and morphologies and shows 
the importance of averaging to gain statistically reliable information. 

Analyzing the uptake of oxygen and water needed a sample preparation that was completely 
water- and oxygen-free. However, the common TEM sample preparation of OPV systems 
entails a processing step in water. Therefore, a TEM specimen holder was created to directly 
spin-coat on TEM grids, which could easily be transferred to an oxygen- and water-free 
glovebox. The use of this TEM specimen holder is not specific to P3HT:PCBM (model) 
systems, but can easily be used to create state of the art BHJ TEM samples. Furthermore, the 
TEM specimen holder facilitates the controlled deposition of thin films from solution on 
virtually any type of TEM support grid and has become a standard tool in our laboratory. 

One of the main challenges that was addresses throughout this thesis was electron beam 
damage, caused by the interaction of the electron beam with the specimen. It is well 
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established that this interaction has a large effect on the obtainable resolution in TEM 
analysis, as it can cause a decrease in diffraction rings or spots or beam-induced shrinkage 
and/or expansion. In Chapter 3 we studied the effects of electron beam damage in electron 
diffraction and imaging mode, as a function of electron dose rate, temperature and sample 
preparation. Interestingly, we found that the diffraction rings of samples prepared in an 
oxygen- and water-free glovebox, created on the custom-made TEM specimen holder, were 
much more stable under electron irradiation, especially in cryogenic conditions. This protocol 
will therefore allow higher resolution imaging of OPV systems. Furthermore, it was found 
that the intensity of the oxygen K edge in Electron Energy Loss Spectroscopy (EELS), 
reduced as an effect of electron beam irradiation, as described in Chapter 5. These cases 
showed the need to establish a critical electron dose, dependent on the imaging method. In 
diffraction mode and imaging mode this could is performed by finding the accumulated 
electron dose at which the diffraction ring intensity (in diffraction mode) or the normalized 
cross-correlation coefficient with the first image (imaging mode) reached a value of 1/e. In 
EELS, and other elemental analysis techniques, we defined the critical dose differently, by 
analyzing the signal-to-noise ratio of the signal that is added to the image or spectrum. While 
the obtained critical doses are specific to P3HT:PCBM BHJ and our model systems, the 
approach is general and can easily be extended to other beam sensitive materials, such as 
polymers, metal-organic frameworks, zeolites and many more. We believe the establishment 
of critical electron doses, being material and technique specific, will be of great value in the 
future in the analysis of beam sensitive materials such as polymers or biological materials. 

Next to beam sensitivity, the low contrast between P3HT:PCBM, due to their similarity in 
composition and density, had to be assessed and improved. This contrast can be increased by 
gaining access to large area phase contrast. Therefore, in Chapter 4, integrated Differential 
Phase Contrast (iDPC) was performed for the first time on large-scale features. IDPC showed 
great improvement in contrast within the P3HT-rich regions of the model system, as 
compared to (S)TEM imaging without the contribution of phase contrast, such as Bright Field 
TEM and Annular Dark Field STEM. By performing these experiments for the first time, we 
showed that iDPC can be used to improve contrast, not only at atomic resolution as shown in 
literature,4-8 but furthermore on large-scale imaging at lower resolution, showing great 
potential in the fields of, e.g., materials science and biology. 

The analysis of electron beam damage and image contrast greatly improved our 
understanding of the behavior of our sample in the electron microscope. Furthermore, it 
gained insight on the possibilities to minimize electron beam damage by changing parameters 
such as temperature and sample preparation. This allowed us to design the next experiments 
in detail, where we looked at the uptake of oxygen and water in the P3HT:PCBM model 
systems. To this extent, cryogenic conditions were used, a unique way to look at physisorbed 
species. Cryogenic conditions showed to lock in oxygen and water in the sample, whereas 
oxygen and water would conventionally boil off in the high vacuum of the microscope at 
room temperature conditions. 

To analyze the oxygen- and water-uptake in the P3HT:PCBM model systems, different 
(S)TEM-based techniques were available, i.e., Energy Filtered TEM (EFTEM), STEM-
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EELS and STEM-EDX, as described in Chapter 5. After the dose limit of the oxygen K edge 
in the EEL spectrum was calculated, these three techniques were compared to find the 
technique best-suited to analyze the oxygen- and water-uptake in the model system, and to 
find a selective oxygen- and water-uptake in the P3HT:PCBM interphase. Here, STEM-
EELS showed to be the advantageous technique, acquiring data with the highest signal-to-
noise ratio, and allowing for the quantification of oxygen content in P3HT-rich and PCBM-
rich regions. Due to the fact that we analyzed the decrease in intensity of the oxygen K edge 
as a function of electron dose, we were able to compensate for this decrease to find the actual 
oxygen content, at the start of the measurement. This eventually showed an absorption of 0.5 
atoms/nm3 in the P3HT-rich region and 2.4 atoms/nm3 in the PCBM-rich region. Surprisingly 
and in contrast to predictions, no specific interphase uptake of oxygen and water was found. 
What was found, is that the uptake of oxygen and water in P3HT and PCBM was not 
straightforward, as the presence of P3HT in the PCBM-rich phase, or the presence of PCBM 
in the P3HT-rich phase had an effect on the oxygen and water content in these phases. Ideally, 
a model system would show columns of only P3HT and only PCBM. However, due to the 
spin-coating of PCBM on top of the P3HT matrix, a thin layer of PCBM was formed across 
the entire layer, creating P3HT-rich and PCBM-rich phases in a 2D projection, which made 
analysis more difficult. We did, however, prove that oxygen and water is indeed mainly taken 
up in the PCBM-rich regions and can only be caused by the presence of PCBM. 

The STEM-EELS analysis of the model system showed not only the highest signal-to-noise 
ratio, but made clear to us the low-dose potential of STEM-EELS in the elemental analysis 
of materials, as compared to EFTEM. In EFTEM, multiple images have to be acquired at the 
same position to acquire one elemental map. To acquire maps of multiple elements, this 
significantly increases the electron dose needed. In STEM-EELS, however, one has access 
to an entire EEL spectrum in every pixel, in one acquisition. So instead of three acquisitions 
per element in EFTEM, one STEM-EELS acquisition can immediately lead to multiple 
elemental maps. Furthermore, the access to the entire EEL spectrum allowed for the analysis 
of the oxygen K edge and carbon K edge shape. This greatly increased the information 
content acquired. To put this in context of this thesis: STEM-EELS showed to have the 
highest information content per electron, which lowers the amount of electrons needed to 
gain reliable information. When beam sensitive materials are analyzed, this high information 
content is absolutely essential in limiting the effects of electron beam damage while acquiring 
reliable data. Therefore, we think STEM-EELS is the superior technique to analyze the 
composition of beam-sensitive materials. 

With this knowledge, STEM-EELS was finally employed to study the degradation of our 
P3HT:PCBM model system in Chapter 6, where we uniquely distinguished between 
reversible physisorbed and irreversible chemisorbed oxygen and water. Due to the high 
information content in STEM-EELS, we were able to assess changes in chemical bonding, 
showing that degradation decreases the amount of C=C bonding and increases the amount of 
C-O-C bonding, especially in the PCBM-rich regions. Furthermore, state of the art STEM-
EELS with a high energy resolution allowed the analysis of the band structure of P3HT and 
PCBM as an effect of the reversible and irreversible uptake of oxygen and water, where we 
showed that the reversible uptake of oxygen and water has a large effect on the PCBM band 
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structure. The obtained knowledge from these experiments could be increased by creating 
samples that contain only water or oxygen. These samples proved, however, to be difficult 
to create and these experiments were consequently not performed. Nevertheless, the 
possibility to analyze physisorbed and chemisorbed species separately can be of great 
significance in the study of not only OPV degradation but degradation issues in a multitude 
of (functional) materials. 

In conclusion, this thesis shows multiple ways to enable the full potential of STEM-EELS, 
where we showed that the understanding of the effects of electron beam damage is crucial to 
limit and compensate for its effects. In future experiments, the analysis of beam damage can 
even be extended to a more on-the-fly nature, using STEM-EELS: By the use of dose 
fractionation, as is shown in this thesis for EFTEM experiments, one is possible to assess 
electron beam damage in STEM-EELS in terms of edge intensity, edge shape and beam-
induced drift, in one experiment. This can even be broadened by directly using a data 
averaging scheme, where only a selection of pixels is analyzed. In the case of our model 
system, one could, e.g., acquire a very low-dose ADF image, which is subsequently used to 
create an interface mask. For this, even an iDPC image could be obtained due to its higher 
signal-to-noise ratio. The mask can then be used to select the pixels to be analyzed, where a 
rapid beam blanker can make sure only the selected pixels are analyzed. Here, one would 
directly acquire the average intensity or EELS spectrum of a larger area. With this, one 
acquisition would lead to an understanding of the effects of electron beam damage and will 
instantly give statistically significant results about the interphase of our material. We think 
that these kind of possibilities show that the future is bright for electron microscopy. 
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