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a b s t r a c t 

Advances in electron monochromator technology are providing opportunities for high energy resolution 

(10 – 200 meV) electron energy-loss spectroscopy (EELS) to be performed in the scanning transmission 

electron microscope (STEM). The energy-loss near-edge structure in core-loss spectroscopy is often lim- 

ited by core-hole lifetimes rather than the energy spread of the incident illumination. However, in the 

valence-loss region, the reduced width of the zero loss peak makes it possible to resolve clearly and 

unambiguously spectral features at very low energy-losses ( < 3 eV). In this contribution, high-resolution 

EELS was used to investigate four materials commonly used in organic photovoltaics (OPVs): poly(3- 

hexlythiophene) (P3HT), [6,6] phenyl-C 61 butyric acid methyl ester (PCBM), copper phthalocyanine (CuPc), 

and fullerene (C 60 ). Data was collected on two different monochromated instruments – a Nion UltraSTEM 

100 MC ‘HERMES’ and a FEI Titan 3 60–300 Image-Corrected S/TEM – using energy resolutions (as de- 

fined by the zero loss peak full-width at half-maximum) of 35 meV and 175 meV, respectively. The data 

was acquired to allow deconvolution of plural scattering, and Kramers–Kronig analysis was utilized to 

extract the complex dielectric functions. The real and imaginary parts of the complex dielectric func- 

tions obtained from the two instruments were compared to evaluate if the enhanced resolution in the 

Nion provides new opto-electronic information for these organic materials. The differences between the 

spectra are discussed, and the implications for STEM-EELS studies of advanced materials are considered. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Organic photovoltaics (OPVs) have garnered research interest as

n alternative to traditional inorganic solar cells due to their light

eight, flexibility, and low manufacturing costs [1] . Although im-

rovements in device technology has led to OPVs with power con-

ersion efficiencies approaching 10%, extending their efficiency be-

ond this 10% barrier has proved challenging [2] . One cause for

his stagnation is that little is known about the electronic struc-

ure and bonding of the donor/acceptor interface in OPV devices.

hile much work has been done to correlate device performance

ith the morphology of the donor/acceptor interface, [3–12] it is

hallenging to measure directly the opto-electronic properties of

he donor/acceptor interface. This information is critical as current

eneration within OPVs is contingent upon both the morphology

nd the electronic structure of this interface. This knowledge, cou-
∗ Corresponding author. 
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led with what is already known about the interface morphology,

ould lead to designing better performing OPVs. 

We have recently demonstrated how the opto-electronic struc-

ure of OPV related materials can be probed via valence electron

nergy-loss spectroscopy (EELS) measurements made in a scanning

ransmission electron microscope (STEM) [13] . The complex dielec-

ric function, ε (E), which can be utilized to determine single elec-

ron transitions and collective excitations, is calculated from the

alence-loss spectrum ( �E < 50 eV) [14] . The spatial resolution of

alence-loss spectra is on the order of a few nanometers, depend-

ng on both the incident electron energy and the actual energy-

oss [15,16] . Thus, by identifying which single electron transitions

etween bonding and anti-bonding sites are excited, it is possible

o extract information about the local chemical environment in the

aterial [17] . 

In EELS, the zero loss peak (ZLP) is associated with electrons

hat have lost no energy (or very small amounts of energy) as

hey have passed through the sample, and the full-width at half-

aximum (FWHM) of the ZLP is normally used as a measure of the
omated electron energy-loss spectroscopy of organic photovoltaic 
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Table 1 

Growth parameters used for CuPc, C60, and PCBM thin 

films. 

Material Growth Rate (nm/min) Pressure (torr) 

CuPc ∼ 1 .7 ∼ 3 × 10 −7 

C 60 ∼ 0 .6 ∼ 6 × 10 −7 

PCBM ∼ 0 .5 ∼ 4.5 × 10 −6 
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spectral resolution. The implementation of electron monochroma-

tors in the scanning transmission electron microscope (STEM) has

enabled EELS measurements to be performed with an energy res-

olution that matches, or improves on, the resolution that can be

obtained using synchrotron-based X-ray absorption spectroscopy

[18] . While this has benefits for core-loss spectroscopy, in partic-

ular for discrimination between energy-loss near-edge structure in

mixed phase materials, the ionization edges are often limited in

resolution by the core-hole lifetime rather than the energy reso-

lution of the incident electron beam. However, the energy resolu-

tion of the incident beam has a much larger role in the analysis of

valence-loss EELS data. The intensity of the ZLP at 1/10th, 1/100th

and 1/10 0 0th of the maximum is important as the intensity of the

“tail” can mask spectral features at low energy-losses. By reducing

this ZLP tail intensity, it is possible to measure, unambiguously,

features at very low energy losses, including vibrational peaks in

EEL spectra, as Krivanek et al. [18] have recently shown utilizing

a Nion high-energy resolution monochromated EELS system (HER-

MES) STEM [19–21] . 

We have previously reported the results of our investigation of

OPV materials using valence loss spectroscopy [13] . In this contri-

bution, the effects of the tails of the ZLP on the energy-loss spec-

tra of beam sensitive organic materials were studied to determine

if additional information about the electronic structure of common

OPV materials could be obtained using instruments with very high

energy resolutions. EELS measurements made on a Nion UltraSTEM

100 MC HERMES have been compared with those from a FEI Titan 

3 

60–300 Image-Corrected S/TEM. EELS data were collected for cop-

per phthalocyanine (CuPc), fullerene (C 60 ), poly(3-hexylthiophene)

(P3HT), and [6,6] phenyl-C 61 butyric acid methyl ester (PCBM)

films. The goal was to establish the potential of monochromated

STEM-EELS at the highest energy resolution for experiments mea-

suring the complex dielectric function at the acceptor/donor inter-

face of OPV devices. 

2. Materials and methods 

Four organic materials were studied in this work: cop-

per phthalocyanine (CuPc), fullerene (C 60 ), poly(3-hexylthiophene)

(P3HT), and [6,6] phenyl-C 61 butyric acid methyl ester (PCBM).

Thermal vapor deposition methods were utilized to prepare thin

films (with thicknesses less than 50 nm) of CuPc, C 60 , and PCBM

(see Table 1 for growth parameters) on room temperature freshly

cleaved rock salt substrates (NaCl and KCl with (100) orientation).

The evaporation chamber was located within an argon-filled glove

box. Thin films of P3HT were prepared by spin-coating a solu-

tion of P3HT in dichlorobenzene onto room temperature KCl sub-

strates. These thin films were collected onto lacey carbon-coated

TEM grids after they were floated off by dissolution of the sub-

strates in distilled water. 

EELS measurements were acquired using similar beam condi-

tions for two different microscopes: (1) a FEI Titan 

3 60–300 Image-

Corrected S/TEM and (2) a Nion UltraSTEM 100MC ‘HERMES’ .

STEM-EELS experiments were conducted at 60 keV, in conjunction

with procedures minimizing the amount of electron beam expo-

sure, as these organic materials were susceptible to electron beam

damage [13] . All of the microscope alignments and optimization of
Please cite this article as: J.A. Alexander et al., High-resolution monochr

materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2
he EELS acquisition parameters were conducted on an area of the

EM grid that was not adjacent to any of the regions of interest

n the grid. This ensured that the samples were not pre-exposed

o the electron beam before collection of the data. Next, the edge

f the thin film was brought into the field of view ( ∼ 1 μm 

2 ) for

ny final beam adjustments, after which the electron beam was

lanked. The sample position was blindly adjusted to bring an area

f the sample that had not been previously scanned into the field

f view. While set to continuously scan the sample, the electron

eam was unblanked, and the EELS acquisition was started. Af-

er conclusion of the EELS acquisition, the beam was blanked. EEL

pectra acquired utilizing the FEI Titan 

3 60–300 Image-Corrected

/TEM (hereafter referred to as ‘Titan’ ) and the attached Gatan

uantum spectrometer were collected in single-EELS mode with

hort acquisition times (2 – 4 ms). The convergence and collec-

ion semi-angles were 5 mrad and 15 mrad, respectively. This data

ere collected with a dispersion of 0.025 eV/channel, and the mea-

ured energy resolutions were in the range of 0.17 – 0.20 eV These

hort acquisition times resulted in noisy data, so multiple indi-

idual spectra were collected and summed together to improve

he signal-to-noise ratio (SNR). The EELS spectra collected on the

ion UltraSTEM 100 MC HERMES (hereafter referred to as ‘Nion’ )

ere acquired in dual-EELS mode using convergence and collection

emi-angles of 34 mrad and 44 mrad, respectively. In this mode,

wo spectra were sequentially acquired at each pixel. The first

panned the range ( −1–9 eV) that encompassed the ZLP (5 ms ac-

uisition), and the second ( ∼0.05–10 eV) covered the low energy-

oss region (100 to 300 ms acquisition). By using a starting en-

rgy of ∼0.05 eV for the second spectra, the most intense part of

he ZLP was not collected to ensure that the ZLP did not saturate

he detector during this data acquisition. These spectra were col-

ected with a dispersion of 0.005 eV/channel, while the monochro-

ator was adjusted to provide an acceptable compromise between

eam current (and therefore signal-to-noise ratio) and energy reso-

ution, resulting in a measured energy resolution of approximately

5 meV. Again, multiple spectra were summed together to improve

he SNR. To enable the analysis required for obtaining the opto-

lectronic properties, single EELS spectra were also collected for

he extended energy range of −5–35 eV. The effective ener gy reso-

ution of these data sets was ∼60 meV as they were limited by the

oint-spread function (PSF) of the detector as a result of the re-

uced energy dispersion (0.02 eV/channel) necessary to collect data

or desired energy range. 

. Results and discussion 

In Fig. 1 , the ZLPs collected through the CuPc specimen as well

s a table comparing their widths at FWHM, FWQM (full-width

t quarter-maximum) and FWTM (full-width at tenth-maximum)

re shown. The energy resolution on the Nion (best reported is 9–

0 meV, 35 meV for the beam settings used for these experiments

s measured through the specimen) is better than on the Titan

best observed in our microscope is 50 meV, 175 meV for the beam

ettings used for these experiments as measured through the spec-

men) by a factor of five. This improvement in energy resolution

akes it realistic to observe peaks at energy-losses below 1 eV. 

In order to compare the shape of the ZLP on both instruments,

he Nion ZLP was numerically broadened to match the FWHM

f the ZLP from the Titan (shown as the dashed green line on

ig. 1 ). There is very good agreement between the shapes of the

LPs on the two instruments. A small difference between this sim-

lated ZLP and the ZLP from the Titan instrument is observed

s a 10% change at FWQM and 15% at FWTM ( Fig. 1 ). Although

he instruments have different monochromator designs – the Ti-

an utilizes a Wien filter [22] and the Nion utilizes an alpha fil-

er [19] – it is not obvious that this would contribute to this
omated electron energy-loss spectroscopy of organic photovoltaic 
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Fig. 1. Comparisons between the ZLPs collected on the Nion (solid green) and the Titan (solid black). A theoretical ZLP with the same energy resolution as the Titan is 

shown for the Nion (dashed green). Additionally, specific values of FWHM, FWQM, and FWTM are compiled (see table). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Comparison of energy-loss spectra collected on the Nion (green) and the Titan (black) for (a) CuPc, (b) P3HT, (c) C 60 , and (d) PCBM. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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bserved difference in zero-loss peak shape. The Titan data was

ecorded at a smaller dispersion (0.025 eV/channel) than on the

ion (0.005 eV/channel), but the EELS data collected on the Titan

oes not become limited by the PSF unless the dispersion used

s 0.325 eV/channel or less (see Figure S1). Thus, the small differ-

nce in the two ZLPs could be due to differences in the higher-

rder spectrometer aberrations as the Nion is fitted with a modi-

ed Gatan Enfinium spectrometer while the Titan is fitted with a

atan Quantum imaging filter. 

The spectra collected prior to zero-loss subtraction from each

icroscope are shown in Fig. 2 . It is apparent that some of the

ow energy spectral features are unambiguously determined in

he Nion data due to the reduced FWHM of the ZLP. For example,

he features indicated by red arrows ( Fig. 2 ) – in C 60 at 2 eV; in

CBM at 2.5 eV; in P3HT at 2.6 eV – appear as shoulders on the

LP in the Titan data, whereas they are more clearly defined as

istinct peaks in the Nion data. In the CuPc data, the features in
Please cite this article as: J.A. Alexander et al., High-resolution monochr

materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2
he range 6 – 8 eV, indicated by the blue arrows ( Fig. 2 ), are also

ore defined in the Nion data. 

While it is possible to identify the spectral features more read-

ly in the Nion data, it is interesting to note that, with one ex-

eption, there are no new features in the Nion data – every peak

an be identified in the data from both microscopes. The excep-

ion is the peak at ∼360 meV in the spectrum collected from CuPc

n the Nion ( Fig. 3 ). This peak is present in the EEL spectra col-

ected from all four materials, although the center energy ranges

rom 250 meV to 400 meV. For the materials in which the peak

s centered at about 400 meV, this low energy-loss feature could

e attributed to an O 

–H bond stretching mode [23] , although it

ight also have overlapping contributions from C 

–C and C 

–H vi-

rational modes, and it is these C 

–C and C 

–H modes which are

ikely measured in the lower energy vibrational peaks. In summary,

hese qualitative comparisons illustrate how the improved resolu-

ion of the Nion, as compared to that of the Titan, makes it easier
omated electron energy-loss spectroscopy of organic photovoltaic 
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Fig. 3. Nion CuPc spectrum displaying the peak attributed to an O –H bond stretch 

(at about 0.36 eV). 
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to definitively identify spectral features, especially weak peaks at

very low energy-losses. 

The intensity of the inelastic signal in energy-loss spectroscopy

is greatest in the valence-loss region which means that valence-

loss spectroscopy has enormous potential for beam-sensitive ma-

terials, such as those found in polymers, composites, biomateri-

als, and OPVs. Furthermore, since the complex dielectric function

can be extracted from the valence loss spectrum, it is possible to

obtain information about the optical and electronic properties of

the material with nanometer scale spatial resolution. We have re-

ported previously on the use of this technique to obtain the optical

properties of OPV materials [13] . The next step in the comparison

of the Nion and Titan data is to compare the real and imaginary

parts of the complex dielectric function to determine the impact of

the improved energy resolution of the Nion. There are three steps

to achieve this: (1) fitting and subtraction of the ZLP, (2) decon-

volution to remove plural scattering and obtain the single scatter-

ing distribution (SSD), and (3) Kramers–Kronig (KK) analysis of the

SSD to obtain the complex dielectric function. The deconvolution
Fig. 4. Data from CuPc was acquired in dual-EELS mode on the Nion. (a) shows the spectr

ZLP. Splicing (a) and (b) results in a poor SNR on the negative (energy gain) side of the s

not give a good fit to the data as illustrated in (d). 

Please cite this article as: J.A. Alexander et al., High-resolution monochr

materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2
nd KK routines require continuous data sets that span an energy

ange that is large enough to include the majority of the inelastic

cattering and that allows the fitting of a function to extend the

ata to high energy loss. As discussed below this creates signifi-

ant challenges when the data are acquired with very high energy

ispersion. 

The ZLP from the collected spectra was removed using the re-

ected tail method in Gatan’s DigitalMicrograph software [24] . In

rinciple, the partial ZLP on the negative (energy-gain) side of zero

nergy is “reflected” onto the energy-loss side and fitted in a de-

ned energy window and spliced into the experimental spectrum.

or the data collected on the Titan, this was straightforward. The

pectra were collected with an extended negative energy range

 −10.0 eV) to ensure that there was sufficient energy range to fit

LP accurately, and the splicing point on the energy-loss side was

djusted to ensure that any artifacts at the splicing point did not

oincide with spectral regions of interest. 

However, due to the high dispersion of the Nion data, the ZLP

xtraction process was less straightforward for these spectra. Since

he data were collected in dual-EELS mode, the splicing tool in

atan’s DigitalMicrograph software was used to merge together

he full ZLP ( Fig. 4 a) with the low-loss ( ∼0.05–10 eV) spectrum

 Fig. 4 b). However, this made the reflected tail method for ZLP ex-

raction impossible due to the poor signal-to-noise ratio (SNR) on

he energy gain side of the ZLP ( Fig. 4 c). This is a result of the

hort acquisition times used during the data collection for spectra

hat included the ZLP. This poor SNR compromised the ZLP extrac-

ion routine ( Fig. 4 d), as the tail from the left side of the ZLP was

ot accurately reflected onto the right side of the ZLP. 

To overcome the issues in the Nion data, a modified Voight

unction was used to fit the shape of the tail on the negative

energy-gain) side of the experimental ZLP: 

f ( �E ) = 

2 ab 

√ 

4 ln ( 2 ) 
π e −4 ln ( 2 ) ∗( �E ) 

2 

πc 
(
4 ( �E ) 

2 + b 2 
)

um with an unsaturated ZLP and (b) shows the low loss region with an incomplete 

pectrum as shown in (c). Consequently, the reflected tail ZLP extraction routine did 

omated electron energy-loss spectroscopy of organic photovoltaic 
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Fig. 5. (a) Results of fitting the tails of the ZLP for the Nion CuPc data. As is shown, 

the fitted function (red dashed line) models the experimental (black line) well. (b) 

Successful ZLP extractions for data collected on the Titan and the (c) Nion for CuPc. 

The black, red, and blue lines denote the raw data, zero-loss peak, and inelastic 

spectra, respectively. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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here a, b , and c are fitting coefficients, and �E is the energy-gain.

fter fitting the tail, the noisy data on the left side of the ZLP was

eplaced with the smoothed data from the fit. This fit was con-

ucted on the experimental ZLP data up to −0.06 eV, as this was

he highest energy that exhibited more intensity from noise rather

han signal. The result of this fit is shown in Fig. 5 a for CuPc. The

egion with poor SNR on the left side of the experimental ZLP was

eplaced with the smoothed fit which then allowed removal of the

LP from the experimental data using the previously described re-

ected tail method. Fig. 5 shows the successful ZLP extractions for

he CuPc EELS data collected on the (b) Titan and (c) Nion. In both

pectra, the tails are accurately reflected from the left side of the

LP to the right. This process was repeated for all four materials. 

In order to perform the deconvolution step to remove plu-

al scattering and obtain the single scattering distribution (SSD),

he energy-loss spectra need to extend to an energy-loss signifi-

antly beyond that of the plasmon peak (the broad peak at ∼20

o 30 eV associated with collective oscillations of the valence elec-

rons). This is necessary to meet the requirement that the experi-

ental spectrum falls almost to zero intensity at both ends of the

nergy-loss range to avoid “ringing” artefacts in the application of

he discrete Fourier transform [14] . This constraint is easily met

n the low (energy-gain) side of the ZLP. At finite energy-losses it

s necessary to numerically extrapolate the data to high energy-

oss. This is straightforward if the experimental spectrum has been
Please cite this article as: J.A. Alexander et al., High-resolution monochr

materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2
ecorded up to an energy-loss beyond that of all collective excita-

ions so that a smooth monotonic function can be fitted and ex-

rapolated using routines in DigitalMicrograph. This is the case for

he Titan data as the low-loss spectra were recorded to approxi-

ately 40 eV since the resolution was not point-spread limited in

he conditions used i.e. �E = 175 meV. However, as mentioned in

he methods section, to obtain the high-resolution ( �E = 35 meV)

ata on the Nion, the low-loss spectra could only be collected to

pproximately 10 eV. Thus, it was necessary to splice this spec-

rum with the lower resolution data recorded over an extended en-

rgy range ( −5–35 eV). Since these data were collected at a lower

ispersion to accommodate for the larger collected energy range,

t was necessary to interpolate the spectra to match the disper-

ion of the low-loss spectra. This interpolated extended energy-loss

pectrum was then spliced with the low-loss spectrum at approx-

mately 10 eV. This resulted in a final spectrum consisting of the

igh-resolution low-loss data from −1 to 10 eV and of the interpo-

ated extended low-loss data from 10 to 35 eV. 

The complex dielectric function, ɛ ( E ), is a causal function

25] that is related to the SSD, J 1 (E) , as [14] : 

 

1 ( E ) ∝ Im 

[
−1 

ε ( E ) 

]

Thus, the SSD can be analyzed via a Kramers–Kronig transfor-

ation to determine Re [1/ ε(E)] from Im [1/ ε(E)] [25] . The real and

maginary parts of the complex dielectric function ( ε 1 and ε 2 , re-

pectively) were calculated as [14] : 

 ( E ) = ε 1 ( E ) + i ε 2 ( E ) = 

Re [ 1/ ε ( E ) ] + i Im [ −1 / ε ( E ) ] 

( Re [ 1/ ε ( E ) ] ) 2 + ( Im [ −1 / ε ( E ) ] ) 2 

 1 and ε 2 were obtained from each of the EELS spectra collected

sing the Kramers–Kronig analysis routine in DigitalMicrograph.

igs. 6 and 7 shows these resulting real ( ε1 ) and imaginary ( ε2 )

arts of the dielectric function, respectively, for each of the mate-

ials investigated. 

The ε1 plots are generally in good agreement for the two in-

truments, but the data collected on the Nion is better resolved

 Fig. 6 ). For instance, in the CuPc ε1 plot from the Nion data, there

re two defined peaks at approximately 1.5 – 2.0 eV, whereas the

econd peak appeared to be just a shoulder on the right of the

rimary peak in the Titan data set. A similar observation can be

ade for the C 60 ε1 data in which the two distinct peaks in the

ion spectrum at approximately 2.75 eV appeared to be just one

road peak in the data collected on the Titan. There is also better

efinition in the Nion ε1 spectra for PCBM (see the two peaks at

pproximately 2.5 eV) and P3HT (see the peak at 2.0 eV). 

The imaginary, ε2 , part of the dielectric function can be di-

ectly related to single electron transitions between the valence

nd conduction bands in the material. These comparisons between

he ε2 spectra should highlight any new electronic information ob-

ained as a result of the improved energy resolution of the Nion.

gain, measurements on the Nion resulted in slightly better re-

olved peaks ( Fig. 7 ). However, in the CuPc ε2 spectrum collected

n the Nion, the relative intensities of the two peaks at approxi-

ately 2.0 eV are reversed. The relative intensities in the Nion data

re in good agreement with optical ellipsometry data available in

he literature [26] . It is probable that the reversal in peak intensi-

ies in the Titan data is due to errors in the ZLP extraction. It is

ossible that all of the intensity due to the ZLP’s tail was not ac-

ually removed from the spectrum, which would have resulted in

xcess intensity in the low energy range of the inelastic spectrum.

owever, for all four materials there are no new peaks observed

n any of the ε2 plots and the assignment of features to single

lectron transitions is unchanged from an earlier analysis [13] . This

ould be expected, as the native line widths of the features in the

ow-loss spectra are broader than the energy resolution of the ZLP.
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Fig. 6. The ε1 spectra collected on the Nion (green) and the Titan (black) for (a) CuPc, (b) P3HT, (c) C 60 , and (d) PCBM. Comparisons of these spectra show that no new 

peaks are observable in the Nion data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. The ε2 spectra collected on the Nion (green) and the Titan (black) for (a) CuPc, (b) P3HT, (c) C 60 , and (d) PCBM. Comparisons of these spectra show that no new 

peaks are observable in the Nion data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2017.03.004 

http://dx.doi.org/10.1016/j.ultramic.2017.03.004


J.A. Alexander et al. / Ultramicroscopy 0 0 0 (2017) 1–8 7 

ARTICLE IN PRESS 

JID: ULTRAM [m5G; March 7, 2017;22:11 ] 

Fig. 8. The α spectra determined from EELS data collected on the Nion UltraSTEM (green) and the FEI Titan 3 (black) for (a) CuPc, (b) P3HT, (c) C 60 , and (d) PCBM. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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owever, the advantage in monochromating the electron beam is

hat more separation is observed between closely spaced features

n the spectra. While, at least for these OPV materials, there is

ittle advantage to collecting data on the Nion other than simpli-

ying the data analysis, comparisons between the Nion and Titan

ata sets exemplify how the monochromator is critical for observ-

ng features that are closely spaced together. 

To be more quantitative in the comparison between the Titan

nd Nion data sets, the absorption coefficient, α, was extracted

rom the EELS data for all four materials. The absorption coefficient

s related to the extinction coefficient, κ , as α = 4 πκ/ λ where λ is

he wavelength. Furthermore, κ is related to ε 1 and ε 2 as ε 1 = n 

2 -
2 and ε2 = 2n κ where n is the refractive index. It is important to

ote that α is dependent on both ε1 and ε2 . Fig. 8 shows the ex-

racted plots of absorption coefficient as a function of energy-loss

or both the Titan and Nion data for all four materials. There is

xtremely good agreement between these data sets. Additionally,

he inversion of the relative intensities of the first two peaks in

he CuPc is no longer observed, which can be attributed to the fact

hat α depends not only on ε2 , but also on ε1 . 

Overall, these plots show that monochromated STEM-EELS is

 very powerful approach to making spatially resolved measure-

ents of the absorption coefficient, even in beam sensitive organic

aterials. 

. Conclusions 

In this work, EELS spectra were collected on two monochro-

ated scanning transmission electron microscopes with differing

nergy resolution capabilities for CuPc, C 60 , P3HT, and PCBM. The

uperior energy resolution of the Nion UltraSTEM 100 MC ‘HER-

ES’ microscope (35 meV energy resolution in the beam condi-

ions used here) improved the resolution of the peaks in the raw

pectra and made it possible to measure spectral features below
Please cite this article as: J.A. Alexander et al., High-resolution monochr

materials, Ultramicroscopy (2017), http://dx.doi.org/10.1016/j.ultramic.2
 eV, including an O 

–H bond stretch at approximately 0.4 eV. How-

ver, for the materials being investigated no new peaks were mea-

ured in the imaginary part of the complex dielectric function, in-

icating that, for these specific materials, the data collected on an

EI Titan 

3 60–300 Image-Corrected S/TEM (175 meV energy res-

lution in the beam conditions used here) can be processed to

btain the same electronic information as for data collected on

he Nion. We have demonstrated how monochromated STEM-EELS

ata can be manipulated to extract the absorption coefficient. It is

oncluded that monochromated STEM-EELS in the valence loss re-

ion shows great promise for determining optical properties with

igh spatial resolution even in beam sensitive materials. 
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