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Abstract 

Organic materials are ubiquitous in all aspects of our daily lives. Increasingly there is a need to 

understand interactions between different organic phases, or between organic and inorganic 

materials (hybrid interfaces), in order to gain fundamental knowledge about the origin of their 

structural and functional properties. In order to understand the complex structure-property-

processing relationships in (and between) these materials, we need tools that combine high 

chemical sensitivity with high spatial resolution to allow detailed interfacial characterisation. 

Analytical transmission electron microscopy (TEM) is a powerful and versatile technique that can 

fulfil both criteria. However, the application of analytical TEM to organic systems presents some 

unique challenges, such as low contrast between phases, and electron beam sensitivity. In this 

review recent analytical TEM approaches to the nanoscale characterisation of two systems will be 

discussed: the hybrid collagen/mineral interface in bone, and the all-organic donor/acceptor 

interface in OPV devices.  

1. Introduction 

Recent instrumental advances in the transmission electron microscope (TEM) include aberration 

correctors for improved electron optics, as well as monochromators [1] which reduce the energy 

spread of the electron beam. These allow the formation of smaller (sub-angstrom) electron probes, 

and the resolution of finer (>100 meV) energy features in electron energy-loss spectra (EELS), 

respectively. It is now possible to acquire chemical signals from atomic columns [2, 3] or even single 

atoms [4, 5] in certain favourable, mainly inorganic, samples. These recent analytical benefits have 

been slow to translate to organic systems. In fact, it could be argued that the use of brighter, smaller 

electron probes actually makes electron-beam induced damage more common in sensitive materials 

and therefore makes the analysis of organic materials even more challenging!  

The aim of this review is to explore the possibilities and limitations of current analytical electron 

microscopy in the characterisation of organic interfaces, and to discuss the different methodological 

approaches that are necessary to overcome challenges such as poor materials contrast, or the 

significant damage to organic samples, which has to date severely limited the chemical information 

obtained. We consider two examples taken from the fields of biology and physics; the organic-

mineral interface in bone, and the interface between organic donor and acceptor molecules in OPV 

devices. Both systems consist of domains with hierarchical structures, which require structural and 

chemical characterisation on a range of length-scales in order to gain an understanding of the 
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material architecture, function and properties. We begin by providing an overview of the variety of 

analytical techniques available in the TEM. The following two sections deal with each system 

separately, and consist of a brief background to the characterisation question and a discussion of 

recent analytical TEM studies. For more comprehensive material-oriented reviews, the reader is 

referred elsewhere [6, 7]. Finally, we summarise the commonalities and differences between 

characterisation approaches in these two systems, and discuss the challenges and directions for 

future organic interface studies. 

2. Analytical TEM 

Inelastic scattering of incident fast electrons occurs as a result of interactions with atomic electrons 

in the sample. These interactions include the excitation of collective oscillations such as plasmons or 

phonons, as well as the promotion of an atomic electron from an occupied to an unoccupied 

electronic state. The energy lost by the fast electron (corresponding to the energy gained by the 

sample) can be measured directly using a post-specimen spectrometer in a process known as 

electron energy-loss spectroscopy (EELS). Energy-losses up to ~50 eV correspond to collective 

excitations and transitions from valence or semi-core levels, while higher energy-loss events arise 

from transitions from core electronic levels. The information available in these regions is detailed in 

Table 1. Meanwhile, secondary processes may also occur in which the excited state relaxes by 

emission of an X-ray photon. The photon energy, which is characteristic of the element probed, is 

measured using energy-dispersive X-ray (EDX) analysis. The intensity of both EELS and EDX signals 

are proportional to the number of atoms of a particular element that is present in the sample, and 

therefore both can provide quantitative elemental information. Additionally, the fine structure 

present in EEL edges can be used to identify different local bonding environments and chemical 

states of the atom. Structure within the first ~50 eV of the edge onset is known as energy-loss near-

edge structure (ELNES). ELNES is analogous to X-ray absorption near-edge structure (XANES), also 

known as near-edge X-ray absorption fine structure (NEXAFS), which is measured using X-ray 

absorption rather than fast electron scattering [8]. Currently the highest spatial resolution offered by 

soft X-ray microscopy is 10 nm[9], limited by the ability to fabricate the zone plates which focus the 

probe. While electron microscopes are capable of forming sub-angstrom probes, the spatial 

resolution of EELS measurements in organic samples is reduced by a) the delocalisation of inelastic 

scattering (which can be ~5 nm for low energy-loss transitions[10]) and b) electron-beam damage 

which varies with parameters such as beam current, accelerating voltage, specimen temperature 

and the ratio of the collected signal versus the number of electrons incident on the sample[11]. 

Compared to the electron microscope, XANES provides a combination of high energy resolution and 

low sample damage which has been shown to be extremely powerful for the study of functional 

groups in organic systems e.g. proteins and polymers [12, 13]. 
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Table 1. Detailing the range of information which may be obtained using low loss and core loss EELS, 

as well as corresponding photon spectroscopy techniques. 

An electron energy-loss spectrum (EELS) displays the intensity of scattered electrons as a function of 

energy-loss (figure 1a). EEL spectra can be acquired at each position as a scanning transmission 

electron microscopy (STEM) probe is rastered over the specimen. In this way a three-dimensional 

data-cube (two spatial dimensions and one spectral dimension) is built up, which is known as an 

EELS spectrum image (EELS SI, figure 1b). Alternatively, energy-filtered TEM images can be formed 

using only electrons which have lost certain energies. These electrons are selected using an energy 

slit, often between 1 and 10 eV in width. For quantitative analysis at core-loss edges, a “three-

window method” is used. Two “pre-edge” images are collected in order to fit the background signal, 

and one “post-edge” image measures the intensity above the ionization edge (figure 1c). A larger 

series of EFTEM images may also be acquired forming a similar 3D data-cube known as an EFTEM SI, 

or electron spectroscopic image (ESI) (figure 1d). EFTEM SI provides a convenient method to map 

large sample areas with high spatial resolution. However, the total dose received by the sample 

increases with the acquisition of each EFTEM image. Therefore, if high spectral resolution is required 

(for improved background modelling, peak fitting or resolution of spectral features), it is often more 

appropriate to use the alternative data acquisition sequence provided by STEM-EELS spectrum 

imaging. 
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Figure 1. (a) EEL spectrum and (b) EEL spectrum image, in which a whole EEL spectrum is acquired at 

each pixel while the STEM probe is rastered over the specimen. (c) Two pre-edge EFTEM images are 

displayed as dark grey regions in (a) and (c), while the post-edge EFTEM image is light grey. (d) 

EFTEM SI in which a series of energy-filtered images are acquired sequentially. The two spectrum 

imaging techniques differ in spatial sampling and typical energy resolutions achievable (b and d). 

3. Mineralised tissues 

In the field of medicine, an increased understanding of the structure of mineralised tissues is hoped 

to facilitate the development of therapies to treat an increasing number of bone-related pathologies 

in our ageing society. Additionally, these tissues are of interest to the materials scientist as their 

sophisticated compositions and hierarchical architecture result in a highly improved material 

benefiting from the elasticity of collagen and the strength of mineral – the building blocks of these 

materials.  

While the structure of mineralized biological tissues are well known at the macro- and micrometre 

scales, current studies have been aimed at increasing our understanding of the nanoscale structure 

and chemistry of these complex systems [14, 15]. Analytical TEM has already played a large role in 

the current understanding of bone at the nanometre scale and further TEM studies will play an 

important role in answering remaining questions about: a) the mechanisms of bone mineralisation 

(in particular the evolution of mineral and the role of the collagen template) b) the 3D arrangement 

and chemistry of mature collagen-mineral composite at the nanometre scale, c) nanostructure as a 

function of anatomical location and species and d) nanoscale modifications to structure and 

chemistry and their significance in common skeletal disorders such as osteoporosis. 

3.1 Nanoscale structure of bone 
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Bone is composed primarily of two components: the mineral bioapatite, and type-I collagen fibrils. 

Bioapatite is a carbonated form of hydroxyapatite (Ca5(PO4)3OH) with other possible chemical 

substitutions [16, 17]. Collagen displays a distinctive banding pattern due to the quarter staggered 

arrangement of collagen molecules within a fibril (figures 2,3). In this review, regions ~40 nm in 

length which appear dark in bright-field TEM (and bright by dark-field STEM) are referred to as ‘gap 

regions’ (figure 3) [18]. ‘Overlap regions’ are ~27 nm long and appear bright in bright-field TEM [14, 

18]. The origin of this contrast is the presence of electron-dense bioapatite crystals in the gap 

regions (figure 2a) giving rise to greater scattering, and correspondingly a larger value of t/λ 

(thickness over mean-free-path of inelastic scattering). However, bioapatite may also be located 

between collagen molecules within a fibril (figure 2b) or completely outside of the fibril (extrafibrillar 

mineral) [14, 18]. The association of mineral and organic components is important in determining 

the properties of bone, and the detailed distribution of mineral within collagen has been revealed in 

a number of recent TEM studies [14, 15].  

 

Figure 2. Simple model for packing collagen molecules in bone, as first presented by Hodge & 

Petruska [19]. (a) Collagen molecules are stacked end-to-end with a ~40 nm ‘gap’ between them 

(not drawn to scale). The stacking of adjacent molecules within a fibril is quarter-staggered. Three 

quarter-staggered arrangements are shown. Bioapatite crystals are postulated to nucleate and grow 

within the gap spaces. (b) Bioapatite is also postulated to grow into the intermolecular spaces within 

a fibril in the later stages of mineralisation [19]. From Landis et al. [18] 
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Figure 3. a) HAADF-STEM image of the collagen banding (scale bar = 100 nm) and b) corresponding 

t/λ profile (the HAADF-STEM intensity profile is shown as the dotted curve for reference). From [15] 

Measuring bioapatite concentrations by TEM can be challenging due to difficulties with sample 

preparation [7, 14]. For example, mineralised samples prepared for TEM via aqueous processing and 

chemical fixation could suffer from structural changes to the collagen, and dissolution/re-

precipitation of the bioapatite [14, 16]. The requirement for preservation of both organic and 

mineral components can lead to complex sample preparation techniques such as high pressure 

freezing and freeze substitution [7, 20]. Additionally, the creation of electron transparent samples 

via ultramicrotomy, focused ion beam (FIB) milling or polishing and ion milling each have limitations 

especially in the challenging case of a soft-hard biocomposite. A detailed review of current sample 

preparation protocols for mineralised tissues has been published by Klosowski et al. [7].  

In the following section, we will consider the following aspects of bone characterisation in terms of 

insights that have been, or have the potential to be, obtained using analytical electron microscopy: 

1. Nanoscale distribution of mineral with respect to the organic matrix, 

2. Chemical composition of the mineral phase, and nature of substitutions, 

3. Chemical composition of the organic phase. 

 

3.2 Nanoscale structure by elemental mapping 

Elemental profiles have been used to reveal the nanoscale structure of the mineral-organic 

arrangement. This has involved collecting STEM-EELS spectrum image datasets from longitudinal 

sections of collagen in a range of mineralised tissues [14, 15]. The distribution of elements is then 

calculated by integrating the signal from the relevant core-loss edges, and used to give both 

qualitative and quantitative information on the location of mineral with respect to collagen 

structure. In a STEM-EELS study of ivory dentine by Jantou-Morris et al. [15], P, Ca and O signals 

were found to be highest in the gap regions and lowest in the overlap regions, which is consistent 

with an increased content of bioapatite within gap regions (figure 4). Alexander et al. used STEM-

EELS to quantify the distribution of mineral within mineralised tissue, in this case resin-embedded 



 

7 
 

mouse bone [14]. By integrating the Ca L2,3 signal at different positions along a thin longitudinal 

section of collagen fibrils, they found that the ratio of Ca at overlap regions compared to gap regions 

was RCa-L = 0.66 (i.e. approximately 50% more Ca was present in  gap regions compared to overlap 

regions). However, as these STEM-EELS signals are 2D projections through a complex 3D structure, 

the absolute quantification of Ca within fibrils was not possible using STEM-EELS alone. If, for 

example, any extrafibrillar apatite was present at the point sampled by the STEM probe, it would 

contribute to the Ca signal and alter the gap:overlap ratio. To overcome this projection limitation, 

the 2D EELS data were combined with a steric model which estimated the packing density of 

bioapatite within gap channels. Using this combined EELS and modelling approach, Alexander et al. 

were able to refine the limits of bioapatite distribution within bone to ≤ 42% in gap channels, ≤ 28% 

in intermolecular overlap regions, and the remaining ≥ 30% of mineral in the extrafibrillar space [14].  

 

Figure 4. Signal intensity profiles across the banding of a) phosphorus L2,3, b) calcium L2,3, c) oxygen K 

and d) carbon K edges. The black dashed line is the corresponding HAADF-STEM image intensity [15]. 

 

3.3 Substitutions in the mineral phase 

The stoichiometry of bioapatite is of interest as the presence of substitutions within apatites has an 

important influence on the physical properties of the mineralised tissue [21]. Elemental analysis has 

also been used in this case to evaluate the degree of substitution within bioapatite by quantifying 

the ratio between two elements using EELS, or often EDX [21-23]. For example, in an EDX study of 
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mineralised dental tissues by Srot et al.[21], peritubular dentine was found to contain a significantly 

lower Ca/P ratio (and higher and variable Mg/P) compared to intertubular dentine, which was taken 

as evidence that magnesium partially substitutes for calcium in the mineral. Care should be taken 

when quantifying Ca/P ratios in the TEM, as they are known to be altered by electron beam damage 

[21, 24]. Srot et al. report a larger loss in Ca compared to P in mineralised dental tissue [21]. In 

contrast to this, a comprehensive damage study on synthetic hydroxyapatite (HA) powder by 

Eddisford et al. observed an increase in the Ca/P ratio with electron fluence (and hence damage), 

corresponding to a larger loss of P that was also accompanied by a loss in O [24]. The damage in HA 

was found to be radiolysis-dominated i.e. greater damage was observed at lower accelerating 

voltages [24]. Eddisford et al. hypothesised that a mechanism exists to convert the radiolytic energy 

into kinetic energy and momentum of atomic nuclei, in order to explain the removal of P and O. 

Ultimately, melting and transformation to cubic calcium oxide was observed under intense electron 

irradiation n[24]. Cooling had only a small effect on damage, which was also unexpectedly found to 

be fluence-rate dependent [24]. The damage behaviour of synthetic HA reported by Eddisford et al. 

is complex and incompletely understood. Additionally, the damage behaviour of synthetic HA is 

inconsistent with the damage reported in dental tissues. Further work is clearly needed to 

understand the detailed damage properties of different mineralised tissues. This study also 

highlights the importance of carefully controlling and reporting the accelerating voltage, dose and 

fluence rates used to quantify Ca/P ratios. The recent introduction of high solid angle EDX detectors 

[25] for more efficient EDX signal acquisition will be beneficial for elemental quantification studies 

such as this, as they require approximately three times less electron dose to collect a given EDX 

signal [26]. 

As well as the substitution of metal cations, which have been studied using elemental ratios, 

carbonate ions are known to substitute into the bioapatite structure. Carbonate groups may be 

present at a range of sites: replacing a hydroxyl group (A-site) or a phosphate group (B-site) in the 

crystal, or they may be located on the crystal surface (unstable C-site) [27]. As the element carbon is 

present within mineralised tissue in both the organic and mineral phases, elemental mapping would 

not be sufficiently selective to distinguish between substitutional carbonates and organic carbons. 

Discrimination of different local bonding environments is required, which can be achieved using 

electron energy-loss near edge structure (ELNES).  

Figure 5 shows carbon K edge ELNES from mineralised ivory dentine [15] and tooth enamel [21]. The 

most intense feature at ~290.2 eV [15, 21] is assigned to carbonate groups. This peak is present in 

the area-averaged measurements from enamel exposed to both low and (unquantified) high 

electron doses [21], as well as the point spectra recorded from ivory dentine. The similar appearance 

of the carbonate peak in each case suggests that this feature is relatively stable under electron beam 

irradiation, while other regions of the spectrum undergo significant changes with increased electron 

dose. Therefore it is conceivable that the carbonate peak at 290.2 eV will be valuable in future work 

to quantify the degree of carbonate substitution with high spatial resolutions. 
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Figure 5. ELNES of carbon K edge from enamel samples [21] and ivory dentine [15]. Energy scales 

have been recalibrated to align the peak at 290.2 eV which is assigned to carbonate. 

3.4 The organic phase 

The organic phase in mineralised tissue is composed mainly of collagen [16] along with a few mass 

percent of non-collagenous proteins (NCPs). Although NCPs are known to play important roles in 

bone mineralisation and structure [28], their low concentrations make them more challenging to 

study, and we will limit the scope of this section to the majority component, collagen. Modifications 

in collagen molecules, and the associated changes in molecular cross-linking and collagen-mineral 

binding, are known to give rise to abnormal and dysfunctional tissues, as is the case in the 

osteogenesis imperfecta pathology (brittle bone disease) [29]. To gain a better understanding of how 

these modifications result in fragility at the whole-bone level, it would be advantageous to be able 

to characterise the chemical structure of collagen at the molecular level, particularly to establish 

which functional groups play an important role in the collagen-mineral binding. Such studies would 

also be useful in uncovering the mechanisms that control the process of tissue mineralisation. 

Collagen molecules are composed of amino acids such as glycine (C2H5NO2), proline (C6H9NO2), and 

hydroxyproline (C5H9O3N) [14]. To the best of our knowledge, high spectral resolution ELNES from 

collagen alone have not been reported in the literature. However XANES measurements, which 

probe analogous transitions using soft X-rays rather than fast electrons, are available for both 

collagen alone [30], as well as collagen within bone samples [31] (figure 6b,d). In the X-ray 

microscope, collagen exhibits a major peak at ~288 eV assigned to a 1s → π*C=O transition in 

carbonyl groups, along with a minor peak at 285 eV and the broad resonance at ~300 eV from the 1s 

→σ* transition in C-C bonds [30].  

In order to estimate the relative number of carbon atoms in collagen molecules compared to 

carbonate groups in the mineral phase, we consider a typical bone structure composed of 30 wt% 

collagen and 60 wt% bioapatite. Furthermore, if the bioapatite is substituted with 6 wt% carbonate 
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[32], we calculate that approximately 95% of the carbon atoms in mineralised bone will be present in 

collagen. This conclusion is supported by the observed opposite periodic trend of elemental C 

compared to Ca, P and O along mineralised collagen, in both ivory dentine (see figure 3) [15] and 

mouse bone [14], which is consistent with the majority of carbon being located outside of the 

mineral component. Although the majority of carbon within mineralised bone is contained in 

collagen, the predominant feature in the carbon K edge ELNES from ivory dentine is the carbonate 

peak at 290.2 eV, and no obvious peak at 288 eV from collagen can be observed (figure 6e). In 

contrast, Srot et al. observe features at 288 eV in area-averaged spectra from dental pulp, but not in 

enamel (figure 6f,g) which has a high mineral content of ~96% [32]. Apart from variations in the 

collagen content of different tissue types, the differences between reported results could also be 

due to a combination of different sample preparation protocols or effects of electron beam damage 

from the different operating conditions used. Despite this, the presence of features at 288 eV in the 

dental pulp sample is encouraging, and opens up the exciting possibility of detailed chemical analysis 

of collagen by EELS. However, the area over which spectra were acquired from this dental pulp 

sample is large, on the order of ~100 nm × 100 nm. Currently the same level of chemical information 

is readily available using XANES. In fact, the current spatial resolution limit of scanning transmission 

X-ray microscopy (STXM) is ~15 nm, which is however still too poor to resolve much (if any) sub-

molecular information. Further work is necessary to establish the ultimate damage-limited spatial 

resolution for the analysis of collagen by EELS. 

 

Figure 6. XANES of (a) calcite[33] reference material containing carbonate groups, (b) collagen[30], 

and (c) a linear combination of the two corresponding to a typical bone composition, which contains 
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similar features compared to (d) XANES spectrum from bone. ELNES from (e) ivory dentine[15], (f) 

enamel and (g) dental pulp[21] display variable carbonate and collagen-related peaks at 290eV and 

299 eV respectively. All spectra have been realigned using the carbonate peak at 290.2 eV, and 

intensities have been normalised between 282 and 310 eV. 

One possible damage reduction strategy is the use of low-loss EELS, which has the potential to 

provide chemical information with much less electron dose due to the larger interaction cross-

section of these low energy transitions. Low-loss EELS spectra from mineralised tissue have been 

reported [15, 21], however the interpretation of the various features observed presents a significant 

challenge due to the difficulty of simulating low-loss transitions, and the complex nature of the 

biological systems. Nevertheless, Jantou-Morris et al. [15] have performed preliminary analyses to 

determine both thickness/density variations, and the calcium content by extracting the single 

electron-like features, including the Ca M2,3 edge, using Kramers-Kronig analysis.  

4. Organic Photovoltaics 

Organic molecules and polymers hold great promise for next generation electronic and 

optoelectronic devices, owing to their advantages of low-energy and low-cost production, versatile 

synthesis processes and the ability to tailor their properties [34]. However, organic solar cells 

currently operate with efficiencies of ~5-10% [35], and must be developed further in order to 

compete with commercial inorganic power generation, such as silicon solar cells with >25% 

efficiencies [36]. The operation of an organic solar cell involves multiple processes which occur in the 

active layer in order to generate current. These include: (i) the absorption of a photon and creation 

of a strongly-bound exciton, (ii) exciton migration to the donor-acceptor interface, (iii) exciton 

dissociation into an electron and hole at the donor-acceptor interface, (iv) transport of the electrons 

and holes and (v) charge collection at the electrodes.  

4.1 Structure of the bulk heterojunction 

Due to the limited diffusion length of an exciton within the active layer (~10 nm) [37], and the desire 

to maximise the donor-acceptor interface for maximum exciton dissociation, a common architecture 

of the OPV active layer involves an interpenetrating 3D network of donor and acceptor phases with 

small domain sizes. This structure is known as the bulk heterojunction (BHJ) [38]. The 3D 

morphology of the BHJ, the molecular order within each domain, as well as the nature of the 

interfaces between donor and acceptor domains are all important parameters which control device 

efficiency [38]. For example, it is important that an electron or hole created at an interface is able to 

travel through a continuous percolating pathway to the corresponding electrode in order to 

generate current. Similarly, increased order and crystallinity within a domain can enhance the 

transport of charge carriers through it [39]. Investigation of such parameters requires analytical 

techniques with high spatial resolution. Many of the studies discussed below investigate BHJ thin 

films in an orientation whereby the electron beam travels perpendicularly through the film, 

providing information on the top-view domain structure integrated through the thickness of the 

film. However, as any photogenerated charge carriers must also move across the film thickness to 

reach the electrodes, the vertical domain structure is also key to device efficiency. Full 

characterisation therefore requires three-dimensional tomographic information and/or the 

fabrication of cross-sections to provide more detailed structural information of the interfaces, and 

which is also more appropriate for related multi-layered devices. The challenges of fabricating cross-
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sectional samples is discussed in more detail by Gilchrist et al. [ref this issue]. Another key 

requirement of the characterisation technique is the ability to distinguish between the different 

components in an all-organic photovoltaic layer. However, as many of the components that make up 

OPV systems have similar elemental compositions, these samples suffer from inherently low 

contrast in the TEM. Strategies which have been employed to overcome these characterisation 

challenges will be discussed in the following sections. 

4.2 Bright field TEM imaging 

Early TEM studies of OPV active layers were performed by van Bavel et al. [40, 41] on BHJ structures 

composed of two commonly used OPV materials, the electron donor poly(3-hexylthiophene) (P3HT) 

and the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the electron 

acceptor. Higher intensity fibrillar structures were observed in conventional bright field TEM images, 

which were identified as P3HT nanorods due to the lower density of crystalline P3HT at 1.1 g/cm3 

compared to PCBM at 1.5 g/cm3 [40]. By acquiring TEM images at various film tilt angles, 3D 

reconstructions were created from which the authors also calculated that ~60% of the P3HT was 

present as crystalline nanorods. However, the quantitative interpretation of these BFTEM images is 

limited by a number of challenges, including the possibility of local density changes within domains 

[42] and, more importantly, the dominant contribution of phase contrast in these images. In order to 

image domains of ~10 nm in size, BFTEM images are often acquired under highly defocussed 

conditions. This results in selective enhancement and suppression of different frequency ranges, as 

well as contrast inversions, due to the oscillating nature of the contrast transfer function [43]. As 

well as the possibility of misinterpreting the true domain morphology [43], this contrast mechanism 

often does not satisfy the tomographic contrast requirement of a signal which varies monotonically 

with thickness [44]. The ambiguities in using BFTEM contrast to assign domains have been discussed 

in detail in a number of studies [43-46]. To overcome the limitations of BFTEM imaging, different 

contrast enhancement strategies have been employed, which all rely on inelastic scattering of the 

electron beam i.e. chemical contrast. A comparison between (zero-loss) TEM imaging and inelastic 

imaging is displayed in Figure 7, which also illustrates the effect of varying the energy-selecting slit 

position and the objective lens defocus on images acquired from the same region of a P3HT/PCBM 

BHJ sample. It is evident that these imaging conditions produce completely dissimilar contrast. The 

analytical TEM techniques which have been employed to enhance contrast in OPV systems include 

elemental mapping by EDX [47, 48] or core-loss EELS [48, 49], mapping variations in the plasmon 

peak position [42, 44, 45, 50-54] as well as single electron excitations in the low-loss region of the 

EEL spectrum [45].  
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Figure 7. EFTEM images collected from the same area of a P3HT/PCBM film, using an energy 

selecting slit centred at 0 eV (top row) or 19 eV (bottom row). The columns (left to right) show 

images acquired with an objective lens focus of -25, 0, and +25 μm. The scale bar is 200 nm. Low-

frequency thickness-related intensity variations can be observed in every image. Compositional 

contrast is more clearly revealed in the low-loss EFTEM image acquired at Gaussian focus. The 

features in this image are dissimilar to the high frequency features observed in zero-loss defocussed 

images. From [44]. 

4.3 Core-loss transitions and elemental maps 

Elemental mapping has been applied to the P3HT/PCBM system [49], in which P3HT contains sulfur 

while PCBM does not. Core-loss EFTEM was used to distinguish between P3HT- and PCBM-rich 

phases through elemental mapping of carbon and sulfur [48, 49]. Using the three window EFTEM 

method at the sulfur L2,3- and carbon K-edges (at 165 and 284 eV respectively), Kozub et al. [49] 

were able to image pure P3HT crystals (figure 8) as a function of annealing temperature, and to 

quantify the composition of the surrounding amorphous P3HT-PCBM matrix. Mapping of different 

domains by core-loss EELS or EDX does not necessarily require the presence of an element in one 

phase but not the other. This was demonstrated in a study of copper phthalocyanine (CuPc)/C60 

bilayers by Gilchrist et al. [47]. As C60 contains a greater concentration of carbon compared to CuPc, 

differing carbon mass percentages were successfully used to distinguish phases through STEM-EDX 

spectrum imaging, and also to determine the location and roughness of the interface [47].  
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Fig. 8 Core-loss EFTEM analysis of annealed P3HT/PCBM films. Top row, left to right: Bright field TEM 

image (BF) and elemental maps of carbon (C) and sulfur (S) for a film annealed at 190 °C. Bright 

regions in the sulfur map correspond to P3HT-rich domains. Bottom: Sulfur maps showing different 

domain structures for films annealed at 25 °C, 100 °C, and 165 °C. Scale bar is 200 nm. From [49]. 

4.4 Low-loss transitions: bulk plasmons 

The use of inner-shell transitions for elemental mapping has proved successful in enhancing contrast 

in a range of OPV samples. However, possibly due to the low cross-sections of inner-shell excitations,  

which require high electron doses for good signal to noise [43], it is the low-loss transitions that have 

been far more extensively employed for OPV characterisation. The majority of low-loss studies rely 

on variations in the energy of the bulk plasmon between different phases to provide contrast [42, 

44, 45, 50]. Other features such as single-electron transitions which also occur in the low-loss region 

(such as the π to π* transition at ~ 6 eV in PCBM) have also been studied, but to a lesser extent [50].  

A number of approaches have been used to sample the variations in the bulk plasmon across a 

sample. The simplest approach records a single EFTEM image, which has been shown to provide 

material contrast. Drummy et al. used a 19 ± 4 eV energy window to identify P3HT (bright) and 

PCBM (dark) domains [42] (figure 9). The single energy-loss image was used to separate the two 

phases by thresholding (figure 9e), and the segmented image was used to quantify fibril diameters 

and the sizes of PCBM-rich regions. They found that a second image at 30 ± 4 eV gave inverted 

contrast which was used to unambiguously assign the two phases. In order to emphasise the P3HT 

domains within P3HT/PCBM layers, ratios between two EFTEM images collected at 19 and 29 eV 

have also been calculated by Herzing et al. [51] EFTEM imaging at 19 eV has also been used to collect 

tomography series, and to reconstruct the 3D morphology of domains within P3HT/PCBM films [44]. 

Due to the non-linear dependence of both the single and multiple plasmon scattering probabilities 
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with sample thickness, especially problematic at high tilt angles or where t/λ > 0.5 [55], a refined 

methodology for tomography using plasmon EFTEM imaging has been presented by Mendis et al. 

[55] This method acquires two additional EFTEM images at each tilt angle: an unfiltered image It and 

an “elastic” image I0 which is acquired with a 10 eV slit at the zero loss peak. These images are used 

to calculate local sample thickness (t/λ), enabling the plasmon-loss images to be corrected for 

thickness effects. In a related effort, Pfannmöller et al. [46] have also applied a normalisation 

procedure, which involves dividing all spectra by the integrated intensity under the low loss region, 

(in this case 2-30 eV) to remove the effects of thickness on individual EFTEM images extracted from 

an EFTEM SI (see figure 1). 

 

Figure 9. EFTEM analysis of a 100 nm thick of P3HT/PCBM blend. (a) EELS spectra from pure P3HT 

and pure PCBM films, with energy windows at 19 ± 4 eV and 30 ± 4 eV, where spectral differences 

between materials are most apparent. (b) Zero-loss image, (c) 19 eV image (P3HT rich domains are 

bright) and (d) 30 eV image (PCBM domains are bright). (e) Segmented image created using a 

threshold method on image (c), with skeleton of fibrils overlaid in red. (f) Distribution of fibril 

diameters (15 ± 8 nm) calculated from (e). From [42]. 
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The same two-window technique applied by Herzing et al. has also been used recently by Gu et al. 

[53] to characterise a ternary blend consisting of two polymers (P3HT and poly[2,6-(4,4-bis-(2-

ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)) as 

well as PCBM.  While PCBM was successfully distinguished from the donor polymers, the two-

window method was unable to distinguish between the polymers P3HT and PCPDTBT due to their 

similar plasmon peak positions. In this study it is unclear whether the limiting factor was materials-

based, i.e. due to the inherent similarity in bulk plasmon energy of the two materials, or whether the 

low spectral sampling of the EFTEM SI limited the characterisation. 

4.5 Towards improved spatial resolution and quantification 

The studies discussed above demonstrate the ability of spectroscopic imaging in characterising the 

morphology of BHJ domains, on length scales of ~10 nm. Domain structure at this length scale is 

important, for example, in charge carrier transport and collection at electrodes. At finer length 

scales, BHJ structure at the molecular level is critical for processes such as exciton dissociation. The 

assignment of domains using one and two-window EFTEM methods involves an implicit assumption 

that the BHJ may be modelled as a simple binary system consisting of two homogeneous phases 

separated by abrupt boundaries. However more complexity may exist, for example if a mixed phase 

forms a third domain alongside homogeneous phases [45]. In order to be sensitive to more complex 

interfaces, a fuller range of spectral information must be sampled to offer more discriminative 

power. A number of recent studies have employed EFTEM SI, from which parameters such as 

plasmon peak positions have been extracted [50]. Alternatively, datasets may be considered as a 

whole using multivariate statistical analysis. These techniques are used to find distinct spectral 

motifs within the dataset, in an automatic or semi-automatic fashion, and can classify regions in the 

sample containing similar spectral features without prior knowledge of reference compounds, and 

with reduced experimenter bias. Additional information on multivariate statistical techniques may 

be found in dedicated papers [56, 57]. 

The evidence of mixed phases by imaging and spectroscopy in the TEM is sparse and somewhat 

conflicting [44, 45, 50]. For example, both Herzing et al. [44] and Pfannmöller et al. [45] have studied 

interfaces in P3HT/PCBM films via EFTEM SI. Using principal component analysis (PCA) of low-loss 

datasets, Herzing et al. [44] found no evidence of intermixing (from analysis of the limited number of 

principal components which were required to reproduce the spectral features). However a different 

non-linear multivariate statistical analysis approach used by Pfannmöller et al. [45]  identified three 

distinct classes of spectra (figure 10a,d). The third class of material was interpreted as evidence of a 

“blend” phase which formed a boundary between the P3HT and PCBM-rich domains, and which 

decreased in size upon annealing at 120 °C. The conflicting findings of these two studies were 

attributed to the choice of different data analysis routines. However, differences may also arise from 

variations between sample preparation routes, EFTEM imaging parameters, or operating voltage (80 

kV and 200 kV for Herzing et al. and Pfannmöller et al. respectively) imparting different amounts of 

beam damage to the sample. As the total dose was not stated, it is difficult to draw definitive 

conclusions on the validity of each result. 
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Figure 10. Non-linear multivariate statistical analysis of EFTEM SI collected from P3HT/PCBM films 

before (top row) and after (bottom row) annealing. Three separated clusters are identified in 

scatterplots (a, d). The spatial distribution of each cluster is displayed in (b and e), and members of 

the yellow cluster are consistently found to create an envelope around other class areas. Therefore 

regions marked in yellow are assumed to be intermixed regions. This phase is larger in the pristine 

layer. ESI spectra of the three classes averaged over all assigned pixels (c, f) show that the three 

clusters exhibit different plasmon energies. From [45]. 

A detailed study on effect of intermixing on the low-loss spectrum has been carried out by Schindler 

et al. [50] using C60/zinc phthalocyanine (ZnPc) systems (figure 11). The plasmon peak position was 

recorded as a function of film composition. For each composition, two samples were fabricated: a 

bilayer sample with differing thicknesses of C60 and ZnPc, as well as blend structure. They found that 

plasmon peak positions in the bilayer samples were in good agreement with peak positions 

calculated from superpositions of the individual component spectra (figure 11b). It is worth noting 

that the graph of plasmon peak centre versus bilayer composition is non-linear due to the different 

shapes of the plasmon peaks of C60 and ZnPc (i.e. the narrower C60 plasmon). More importantly, 

however, plasmon peak positions were found to be consistently lower in the blend structures 

compared to bilayers. This result demonstrates the difficulty in assigning a definitive material 

composition at the interface, due to the non-negligible effect of mixing on plasmon spectra.   
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Figure 11. Analysis of the plasmon peak position as a function of composition and intermixing. (a) 

EELS of 40 nm thick layers of pure ZnPc (blue), pure C60 (red) and their blends. The position of the (σ 

+ π) plasmon shifts with increasing C60 fraction. (b) Plasmon peak positions as function of C60 

fraction. Pure ZnPc and C60 layers are plotted as black circles, and superpositions of the pure spectra 

are plotted as the solid curve. Experimental bilayer values are plotted as blue diamonds, while the 

plasmon blends (triangles) exhibit lower energy bulk plasmons. From [50]. 

Most recently, rather than using EFTEM SI, Guerrero et al. [54] have used the alternative data 

acquisition sequence of STEM-EELS SI to analyse aged cross-sections of P3HT/PCBM layers within 

whole devices.  They were able to acquire a 3D EELS dataset using just 3×104 electrons/nm2, which is 

two orders of magnitude lower than typical doses which have previously been used to acquire 

EFTEM SI of OPV samples [45, 50]. As well as the advantage of lower electron doses, and hence less 

beam damage, using EELS SIs makes full use of the energy resolution of the instrument (spectral 

energy resolution in an EFTEM SI is degraded by the convolution with a comparatively large energy 

selecting slit). Larger energy ranges can also be studied more easily without requiring additional 

electron dose, simply by adjusting the dispersion of the spectrometer.  In this way the energy range 

studied by Guerrero et al. was 0-90 eV (compared to typical ranges of 0-30 eV by EFTEM SI).  

4.6 Limitations of plasmon imaging, and the rest of the low loss spectrum 

A number of studies observe that the plasmon peak remains fairly constant over prolonged periods 

of electron beam exposure [44, 46], making it suitable for reliable identification of phases. However, 

electron beam irradiation can change the population of valence electrons which in turn would shift 

the plasmon peak energy [58]. Therefore care is required if high doses are applied to the sample, as 

would be the case in 3D tomography.  

As observed earlier in the ternary blend study by Gu et al. [53], plasmon peak positions do not 

always differ by large enough amounts to allow different components (e.g. P3HT and PCPDTBT) to 

be distinguished. In this situation, additional features corresponding to optical and UV transitions (in 

the energy region ~1-8 eV) may be useful for identifying different species, especially as donor and 

acceptor materials are often selected for their differing optical characteristics, in an attempt to cover 

the full UV-vis range. Pfannmöller et al. [45] have already demonstrated the ability to recreate maps 

of P3HT/PCBM using a reduced set of EFTEM images, between 3 and 10 eV. While they found 
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remarkable agreement with plasmon-based mapping from the full EFTEM SI (3-30 eV), the reduced 

dataset did result in noisier maps. This strategy may be improved by utilising STEM-EELS acquisition 

rather than EFTEM SI, which provides more spectral information per unit electron dose due to the 

higher efficiency of the acquisition sequence. Additionally, the use of monochromated EELS would 

further increase the spectral resolution and reduce the background arising from zero loss peak tails, 

making new features in this energy range visible.  

A study of P3HT/PCBM by Pfannmöller et al. [46] reported a peak at 2.65 eV corresponding to a 

P3HT optical absorption. This peak was found to disappear after a dose of 105 electrons/nm2 (using 

60 kV electrons). Other peaks at 3.63 eV and 6.52 eV from PCBM seemed to remain stable 

throughout the exposure. In a different study, Herzing et al. found the 6.6 eV peak to decrease in 

intensity and shift to a slightly lower energy-loss value with increasing (but unquantified) dose of 80 

kV electrons. Therefore the success of this approach will depend upon the resistance to beam 

damage of the specific material, and finding optimal operating conditions to minimise the effects of 

this damage.  

5. Discussion and conclusions 

The analytical TEM studies undertaken to date have provided successful characterisation of organic 

domains on length scales of ~ 10 nm. In mineralised tissues, these techniques have provided insights 

into the structure of the mineral-organic arrangement at the fibrillar level, such as the increased 

amount of Ca and P within gap regions [15], and the gap:overlap:extrafibrillar distribution of 

bioapatite [14]. Analytical TEM has also provided proof-of-principal mapping of the chemical 

composition of the mineral phase, through both elemental analysis as well as ELNES of carbonate 

groups (at high spatial resolution). 

In the organic phase, detailed chemical information (via ELNES) has been achieved, but only by 

compromising spatial resolution. In further work, there is still a need to improve upon the spatial 

resolution of collagen mapping, for example to realise molecular scale mapping of functional groups 

within collagen molecules or bone nucleating proteins such as osteonectin. While improvements in 

detector efficiencies can be expected to contribute to improved damage-limited spatial resolutions, 

we also require a better understanding of the damage behaviour in these complex systems. For 

example, the optimum acquisition conditions will vary greatly for a material which displays a damage 

recovery process compared to one that does not, as fluence rate will become an important 

parameter as was reported in hydroxyapatite [24]. 

Another future challenge is to apply these techniques to clinically relevant questions, such as the 

effect of age or disease on the structure of mineralised tissue. Such studies will require large sample 

sizes (often n>10) to ensure a statistically relevant analysis of variable biological specimens. 

Therefore, it is likely that some degree of correlation between high-resolution analytical techniques 

and high-throughput techniques such as Raman spectroscopy or Fourier transform infrared 

spectroscopy (FTIR) will be useful.  

In the case of OPV, analytical TEM has revealed the larger-scale morphology of domain structures 

within an OPV active layer. Characterisation has mainly been carried out using the low-loss 

transitions, which provide the highest cross-sections and therefore better signal for a given electron 

dose. Plasmon mapping has been used to great effect to enhance contrast from domain 
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morphologies, and studies are moving towards greater spectral information in the form of EFTEM SI 

and EELS SI. However, quantitative characterisation of the interface between donor and acceptor 

domains, at the molecular level, remains elusive. Interpreting plasmon peak positions can be difficult 

at domain boundaries where intermixing affects the spectra. Additionally, the spatial resolution of 

plasmon mapping is limited by the localisation of these collective oscillations, which is on the order 

of ~2 nm [55]. This also illustrates the difficulty of applying low-loss spectroscopy to complex 

systems. Overall, analytical TEM has provided a wealth of structural and chemical information on 

these various organic systems. A greater understanding of damage effects, improvements in 

detector efficiencies, and increased use of efficient, high spectral resolution analysis modes will be 

important in future discoveries in these materials. 
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