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  1.     Introduction 

 Imaging of soft materials by transmission electron microscopy 
(TEM) remains a challenge due to the low contrast between 
domains and sensitivity to the electron beam. Contrast and 

 Probing Local Electronic Transitions in Organic 
Semiconductors through Energy-Loss Spectrum Imaging in 
the Transmission Electron Microscope 

   Changhe    Guo     ,        Frances I.    Allen     ,        Youngmin    Lee     ,        Thinh P.    Le     ,        Chengyu    Song     ,        Jim    Ciston     ,    
    Andrew M.    Minor     ,       and        Enrique D.    Gomez   *   

 Improving the performance of organic electronic devices depends on 
exploiting the complex nanostructures formed in the active layer. Current 
imaging methods based on transmission electron microscopy provide limited 
chemical sensitivity, and thus the application to materials with composition-
ally similar phases or complicated multicomponent systems is challenging. 
Here, it is demonstrated that monochromated transmission electron micro-
scopes can generate contrast in organic thin fi lms based on differences in 
the valence electronic structure at energy losses below 10 eV. In this energy 
range, electronic fi ngerprints corresponding to interband excitations in 
organic semiconductors can be utilized to generate signifi cant spectral con-
trast between phases. Based on differences in chemical bonding of organic 
materials, high-contrast images are thus obtained revealing the phase separa-
tion in polymer/fullerene mixtures. By applying principal component analysis 
to the spectroscopic image series, further details about phase compositions 
and local electronic transitions in the active layer of organic semiconductor 
mixtures can be explored. 

DOI: 10.1002/adfm.201502090

  Dr. C. Guo, Dr. Y. Lee, T. P. Le, E. D. Gomez 
 Department of Chemical Engineering 
 The Pennsylvania State University 
  University Park  ,   PA    16802  ,   USA   
E-mail:  edg12@psu.edu    
 Dr. F. I. Allen, Dr. C. Song, Dr. J. Ciston, Prof. A. M. Minor 
 National Center for Electron Microscopy 
 The Molecular Foundry 
 Lawrence Berkeley National Laboratory 
  Berkeley  ,   CA    94720  ,   USA    
 Prof. A. M. Minor 
 Department of Materials Science and Engineering 
 University of California 
  Berkeley  ,   CA    94720  ,   USA    
 Prof. E. D. Gomez 
 Materials Research Institute 
 The Pennsylvania State University 
  University Park  ,   PA    16802  ,   USA   

sensitivity to radiation damage are inter-
related, as the latter limits the number 
of electrons used for imaging. The con-
trast  C  between domains must exceed the 
noise in the image formation process by 
the minimum acceptable signal-to-noise 
ratio ( SN ). Taking the stochastic noise to 
be the square root of the total number of 
electrons that pass through a picture ele-
ment, the noise is 1/ 2

cd D  for the max-
imum dose  D  c  the sample can handle and 
a picture element area  d  2  such that  d  is 
the smallest resolvable feature size. Thus, 
the product  C  ×  d  must be greater than 

/ cSN D  . [ 1,2 ]  Enhancing the contrast 
between domains or phases continues to 
be a central challenge in electron micros-
copy of soft materials. 

 Contrast in the TEM between organic 
phases can be generated from differences 
in mass density, [ 2–4 ]  inner potential, [ 5,6 ]  dif-
fraction, [ 7 ]  elemental composition, [ 8 ]  and 

plasmon resonances. [ 9–11 ]  Mass, phase, and diffraction contrast 
have been critical in elucidating the structure of proteins, [ 12 ]  
biological assemblies, [ 13 ]  block copolymers and polymer 
blends, [ 4,6,14 ]  and many other soft materials. Spectroscopic 
imaging through energy-fi ltered TEM (EFTEM) can generate 
contrast between organic domains or phases using inelastically 
scattered electrons. For example, energy-fi ltered imaging at 
core-loss ionization edges (typically 100–1000 eV) characteristic 
of the constituent atoms of an organic material can map dif-
ferent phases based on different elemental compositions. Thus, 
faced with minimal mass contrast in bright-fi eld imaging mode, 
core-loss elemental mapping has been applied to reveal the 
morphological evolution in mixtures of poly(3-hexylthiophene-
2,5-diyl) (P3HT) and [6.6]-phenyl-C 61 -butyric acid methyl ester 
(PCBM). [ 15 ]  The large differences in sulfur and carbon densi-
ties between the components results in high-contrast elemental 
maps that clearly show the formation of P3HT fi bers and struc-
ture coarsening during thermal annealing processes. Similarly, 
volume-plasmon losses (≈20–30 eV) can be used to characterize 
the nanostructure of P3HT/PCBM blend fi lms based on dif-
ferences in the valence electronic structure (i.e., chemistry) of 
each phase. [ 10,16,17 ]  Unfortunately, elemental mapping using 
core-loss energies is only effective when signifi cant differ-
ences in elemental composition are present, and for chemical 
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mapping in the volume plasmon energy-loss regime, the dif-
fi culty is that volume plasmon resonances are broad, overlap, 
and vary little between different organic materials. Given the 
rich variety of structures and functions possible through small 
variations in chemical structure, further approaches to generate 
contrast between chemically distinct phases or domains within 
the electron microscope are needed. 

 Here, we demonstrate imaging of organic semiconductor 
mixtures based on differences in chemical bonding probed via 
interband transitions at energy losses near 2 eV. Mixed systems 
based on organic semiconductors are important for a range of 
organic electronic applications, including light-emitting diodes, 
photovoltaics, photodetectors, and thin-fi lm transistors. [ 18 ]  
Using high-resolution electron energy-loss spectroscopy (EELS) 
in a monochromated transmission electron microscope, charac-
teristic interband transitions of various organic semiconductors 
can be identifi ed in the electron energy-loss range close to the 
zero-loss (elastic scattering) peak. Signifi cant material contrast 
is thus derived from spectral differences arising from different 
band excitations and enable chemical imaging of organic mate-
rials. Using a model system, we demonstrate the application of 
low-loss EFTEM imaging to characterize the phase separation 
in widely studied P3HT/PCBM mixtures. Through principal 
component analysis of the acquired EFTEM image series, we 
identify different phases that can be attributed to distinct mate-
rial compositions.  

  2.     Results and Discussions 

 EELS measurements examine the transfer of energy between 
the high-energy (i.e., 50–300 keV) incident electron beam and 
the material under study. In principle, EELS can be used to 
measure the available excitation energies, or electronic den-
sity of states, of semiconductors by measuring energy losses 
near the band gap. [ 11,19 ]  Nevertheless, the energy spread of the 
incident electron beam, near 1 eV for fi eld-emission sources, 
creates a large background that makes the extraction of the 
electronic absorption spectra challenging. [ 19 ]  The development 
of monochromatic sources, which can achieve energy disper-
sions of ≈0.1 eV, makes the study of these electronic absorp-
tion spectra for low band gap semiconductor materials through 
EELS possible. 

 For example, we can utilize a monochromated TEM to 
examine the electronic absorption spectra of neat organic semi-
conductors as shown in  Figure    1  a. The operating voltage of the 
microscope was 80 kV to minimize damage by the electron 
beam. The small energy spread of the incident beam (full-width 
at half maximum of 0.1–0.15 eV) leads to clear peaks corre-
sponding to π–π* transitions [ 20 ]  in the raw data, enabling unam-
biguous subtraction of the elastic background from the zero-
loss peak. Modeling the background as a third-order power law 
in both the positive and negative energy-loss direction [ 19 ]  and 
subtracting from the EELS data yields the spectra presented in 
Figure  1 b, which have been normalized to the maximum peak 
intensity for comparison.  

 We can identify specifi c features associated with optoelec-
tronic properties, such as the band gap of regioregular poly(3-
hexylthiophene-2,5-diyl) (rr-P3HT, 1.7 eV), [6,6]-phenyl-C 61 -butyric 

acid methyl ester (PCBM, 2.0 eV), and poly[(4,4′-bis(2-
ethylhexyl)dithieno[3,2- b :2′,3′- d ]germole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (PGeBTBT, 1.4 eV) from the onset 
of the EELS intensities in Figure  1 b. These absorption edges 
from the EELS data are consistent with the band gap energies 
deduced from UV–visible absorption data for organic mate-
rials discussed in Figure S1 (Supporting Information). [ 21 ]  The 
dominant peaks in the EELS of Figure  1  can be attributed to 
interband transitions of the organic semiconductors, and com-
pared to peaks measured in optical absorption experiments. 
For example, the peak of the π to π* transition in P3HT occurs 
at around 2.6 eV, while multiple fi ne structures of the π to 
π* absorption in PCBM are found at 3.7, 4.8, and 6.5 eV. For 
PGeBTBT samples, spectral transitions down to 1.7 (a small 
shoulder) and 1.9 eV are also identifi ed. The EELS data are sim-
ilar to the UV–visible spectra, with the exception of a blueshift 
in the EELS data of up to 0.25 eV (Figure S1 and Table S1, 
Supporting Information). Although this could partly be a result 
of the spectral changes caused by electron beam damage, we 
demonstrate below that it cannot fully explain the discrepancy 
between the EELS and UV–visible spectra. Other explanations 
for the blueshift of the EELS data include charging by the elec-
tron beam and fi lling of excited states from secondary X-ray 
radiation in the electron microscope. Nevertheless, character-
istic electronic features resulting from band transitions in low 
energy-loss regions can be used as unique spectral signatures, 
and thus provide a mechanism to generate imaging contrast 
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 Figure 1.    a) Raw EELS data and b) background-subtracted EELS data for 
rr-P3HT, PCBM, and PGeBTBT neat fi lms. rr-P3HT fi lms were annealed at 
150 °C for 12 h to highlight crystalline properties. The background signal 
due to the zero-loss peak (<2 eV) is modeled as a third-order power law. 
EELS in (b) are generated by subtracting the background from the spectra 
in (a). EELS data are normalized by the maximum peak intensity.
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for morphological characterization in thin fi lms of organic 
materials. 

 The electronic structure of organic materials degrades upon 
exposure to the electron beam, which inevitably gives rise to 
changes in spectral responses and contrast. [ 22 ]  To investigate 
this, EELS measured under various exposure doses for rr-P3HT, 
PCBM, and PGeBTBT neat fi lms are shown in  Figure    2  a–c, 
respectively. Decreases in peak intensities with increasing 
electron dose are observed in the electronic absorption spectra 

for all samples. In addition, rr-P3HT and PGeBTBT exhibit a 
shift in spectral peak positions toward higher energies with 
increasing beam damage, while the spectral features in PCBM 
remain at the same energies.  

 To quantitatively describe the effect of electron beam damage, 
we present the integrated intensities of the EELS peaks as a 
function of electron dose for three organic materials, as shown 
in Figure  2 e,f. For rr-P3HT and PGeBTBT, the peak positions 
of selected peaks extracted from Gaussian fi ts to the EELS data 
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 Figure 2.    EELS at various radiation exposures and integrated EELS intensities in low energy-loss regions as a function of electron dose for a,d) rr-P3HT, 
b,e) PCBM, and c,f) PGeBTBT neat fi lms. The solid lines represent data fi ts to an exponential decay. Spectral peak positions for rr-P3HT and PGeBTBT 
are extracted from Gaussian fi ts and plotted versus electron dose in (d) and (f). Intensities in (d)–(f) are presented in a log scale.
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are also shown. An exponential decay in the integrated EELS 
intensities for the PCBM and PGeBTBT samples is observed 
(Figure  2 e,f), while for rr-P3HT (Figure  2 d), the integrated 
intensities initially show an exponential decay and then level off 
after a dose of about 4000 electron nm −2 . For increasing elec-
tron dose, the dominant peak in the absorption spectra of rr-
P3HT gradually shifts from 2.6 eV to around 3.2 eV; the latter is 
similar to the position of the peak in the absorption spectra of 
amorphous regiorandom P3HT (rra-P3HT, see Figures S1b and 
S2c,d, Supporting Information). Extrapolating this absorption 
peak for rr-P3HT to zero electron dose yields 2.54 eV, which 
is 0.17 eV higher than the position of the absorption peak in 
optical spectra (2.37 eV, see Figure S1 and Table S1, Supporting 
Information). We speculate that this offset may be due to 
charging of the sample by the electron beam. 

 By fi tting exponential decay curves to the integrated EELS 
intensities (solid lines in Figure  2 d–f), the corresponding decay 
rate,  λ , can be extracted. The maximum acceptable dose,  D  c , 
in units of electron nm −2  defi ned as 1/ λ  can then be calcu-
lated, and is a measure of the sensitivity of materials to elec-
tron radiation. [ 14 ]  The critical doses for rr-P3HT, regiorandom 
P3HT (rra-P3HT), PCBM, and PGeBTBT calculated from 
the degradation of low-loss spectral features can be found in 
 Table    1  . The critical dose from low-loss EELS for crystalline rr-
P3HT is ≈3200 electrons nm −2 , which is an order of magnitude 

smaller than the critical dose determined from the decay of the 
diffraction peak (33 000 electrons nm −2 , see Figure S3, Sup-
porting Information). Thus, the valence electronic structure 
is damaged prior to loss of crystallinity. PCBM is signifi cantly 
more stable under irradiation than rr-P3HT with a critical dose 
of 76 000 electrons nm −2 , likely due to the stabilizing effect 
of the conjugated π-electron system in fullerenes and lack of 
C H bonds. [ 22 ]  These critical doses indicate the material radia-
tion sensitivity and help to determine an optimum acquisition 
scheme to minimize the effect of beam damage for imaging 
experiments.  

 Energy-fi ltered TEM images from low-loss spectrum imaging 
of 1:1 by mass (P3HT volume fraction of ≈0.6 [ 15 ]  P3HT/PCBM 
mixtures are shown in  Figure    3  . Details on imaging conditions 
can be found in the Supporting Information. P3HT and PCBM 
have similar band gaps and similar maximum inelastic cross 
sections in the range of 2–10 eV, [ 23 ]  but the peaks in low-loss 
EELS are resolved by multiple eV. Given that the spectral fea-
tures from interband transitions of rr-P3HT (between 2 and 
3.5 eV) degrade rapidly compared to those of PCBM (which are 
found between 3.5 and 8 eV), as shown in Figure  2 , the EFTEM 
image series were acquired in the direction of increasing 
energy loss. In this way, the impact of beam damage on spec-
trum imaging is minimized. These radiation damage effects 
are investigated in more details below. EFTEM slices at 3, 4, 
5, and 6 eV are selected from the image data set and shown in 
Figure  3 a–d.  

 The EFTEM slices at 3 and 4 eV shown in Figure  3 a,b reveal 
elongated fi bers distributed within a matrix. Some background 
artifacts are apparent in the images obtained at the lowest 
energy losses, likely due to nonisochromaticity of the energy 
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  Table 1.    Critical electron doses for radiation damage for various organic 
semiconductors estimated from EELS data.  

 rr-P3HT rra-P3HT PCBM PGeBTBT

Critical dose  D  c  [e −  nm −2 ] 3.2 × 10 3 2.8 × 10 3 7.6 × 10 4 4.0 × 10 3 

 Figure 3.    Low-loss EFTEM imaging of a P3HT/PCBM blend with a 1:1 weight ratio annealed at 190 °C for 30 min. a–d) EFTEM image slices taken at 
3, 4, 5, and 6 eV. e,f) Phase maps deconvoluted through principal component analysis (PCA) showing spatial distributions of P3HT- and PCBM-rich 
domains, respectively. Image (e) highlights P3HT fi bers in bright regions, while image (f) shows inverted contrast with bright areas corresponding to 
PCBM-rich domains. g) Composite image created by combining phase maps (e) and (f), demonstrating P3HT fi bers in red and a PCBM-rich matrix 
in green. Scale bar is 100 nm.
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fi lter. At 5 eV the fi brous structures are less apparent, and 
mostly vanish at 6 eV where PCBM exhibits strong absorp-
tion. Only fi bers that are parallel to the fi lm normal, fi bers 
“standing up,” remain visible as lighter features, suggesting 
more inelastic scattering at 6 eV for the fi bers than the matrix. 
We assign the bright fi bers to P3HT domains, while the dark 
regions correspond to PCBM (or PCBM-rich) domains. [ 24 ]  
This morphology is consistent with the sulfur maps shown in 
Figures S5–S7 (Supporting Information), and also with previ-
ously reported elemental maps. [ 15,25 ]  

 The phase compositions and local electronic transitions in 
P3HT/PCBM mixtures can be probed further through detailed 
analyses of the acquired low-loss spectrum images. A spectrum 
image dataset is effectively a 3D data cube with two spatial 
axes and an energy axis, because it is composed of a series of 
EFTEM images acquired at consecutive energy losses. Thus, 
for each pixel in the image an energy spectrum has been col-
lected. A convenient method for the analysis of spectrum image 
datasets is the multivariate statistical technique known as prin-
cipal component analysis (PCA). [ 16,26 ]  PCA can differentiate the 
various elemental/chemical/electronic phases in the specimen 
as well as the random noise components in the dataset, which 
can then be subtracted out before further analysis is performed. 
Thus, PCA is a correlative technique to enhance the visibility of 
covarying features. PCA does not directly yield any information 
about the source of that covariance; it must be interpreted by 
other means. 

 After performing PCA on the low-loss spectrum image 
dataset for the P3HT/PCBM blend, we are able to distinguish 
the two polymer phases present based on differences in their 
low-loss spectral signatures, as shown in Figure S4 (Supporting 
Information). Comparing with the EELS spectra of Figure  1 , 
where we see that P3HT exhibits stronger inelastic scattering 
at lower energies compared to PCBM, we assign the spectral 
signature extracted for the fi brous structures to P3HT-rich 
domains and the matrix to PCBM-rich domains as indicated 
in Figure S4b (Supporting Information). The energy-loss spec-
trum extracted for each phase can then be used for multiple 
linear least-squared fi tting to the noise-reduced spectrum 
image dataset to generate chemical maps showing the distri-
butions of P3HT- and PCBM-rich domains in the blend. These 
phase maps are shown in Figure  3 e,f, and the composite two-
phase chemical map presenting P3HT-rich domains in red and 
PCBM-rich domains in green is shown in Figure  3 g. 

 The differences between the low-loss spectra extracted from 
the spectrum image dataset for the P3HT- and PCBM-rich 
domains (Figure S4, Supporting Information) are less promi-
nent than those revealed in the EELS acquisitions of reference 
homopolymer samples (Figure  1 ). In the spectrum-imaging 
case, the spectral resolution is defi ned by the slit width selected 
for the acquisition (1.5 eV), whereas for the EELS acquisition 
the resolution is much better as defi ned by the monochromator 
settings (0.1–0.15 eV). Therefore, it is expected that the spectra 
extracted from the spectrum image will be more smeared out. 
In addition, beam damage and the presence of mixed phases 
will also play a role. For the EFTEM images shown in Figure  3 , 
a cumulative dose of about 4 × 10 3  electron nm −2  was required 
to image up to 4 eV, while imaging up to 6 eV would have accu-
mulated a dose over 10 4  electron nm −2 . Thus, while the dose is 

well below the critical dose for PCBM, it is close to the critical 
level for rr-P3HT degradation as shown in Table  1 . Moreover, 
our previous work has indicated that the PCBM-rich matrix con-
tains a signifi cant amount of P3HT (in some cases up to 43% 
by volume). [ 15 ]  Therefore the spectrum extracted for the matrix 
phase contains contributions from both P3HT and PCBM. 

 We have thus demonstrated that phase separation in P3HT/
PCBM mixtures can be mapped based on differences in elec-
tronic band structures using low-loss EFTEM imaging near the 
band gap energies of organic materials. Previous efforts have 
focused on volume plasmon energy-loss imaging to charac-
terize the morphology in polymeric thin fi lms based on differ-
ences in the valence electron confi gurations of the constituent 
phases. [ 10,16 ]  For polymer/fullerene mixtures, the bulk plasmon 
resonances for P3HT and PCBM have peak maxima at ≈21.5 
and 25 eV, respectively, and can thus be conveniently used to 
generate contrast between the polymer phases by performing 
spectral imaging in the range of ≈18–30 eV. [ 23 ]  Nevertheless, 
because the bulk plasmon resonances of organic materials 
are inherently broad, the chemical sensitivity of plasmon-loss 
imaging is limited, impeding the application of this tech-
nique to multicomponent systems that have similar plasmon 
features. In addition, elemental mapping is not applicable for 
systems that do not possess strong elemental contrast. There-
fore, low-loss EFTEM spectrum imaging, where contrast is 
generated from known electronic absorptions around 2 eV, pre-
sents a much-needed alternative mapping approach. 

 The phase maps shown in Figure  3  are generated from excita-
tions that occur near 2 eV. These low energy excitations should 
be delocalized over hundreds of nanometers, yet domains on 
the scale of tens of nanometers are clearly resolved in Figure  3 . 
For organic molecules, the fi rst excited state is a result of an 
electron being promoted from the highest occupied molecular 
orbital to the lowest unoccupied molecular orbital. The size of 
these excited states, or excitons, are predicted to be 1–2 nm; [ 27 ]  
the exciton diffusion length, which is an empirical measure of 
the spatial extent that excitons can explore, is near 10 nm. [ 28 ]  
Thus, it may be easier to spatially resolve low-loss excitations 
in organic molecules than in inorganic materials with delocal-
ized valence electronic structures. Future efforts are warranted 
to probe the resolution limit of low-loss spectrum imaging of 
organic molecules.  

  3.     Conclusions 

 We have demonstrated the application of EFTEM spectrum 
imaging at energies corresponding to interband transitions to 
characterize the microstructure of organic semiconductor mix-
tures. Electronic fi ngerprints resulting from band excitations 
refl ect distinct chemical structures of organic materials, and thus 
provide high contrast in imaging experiments. Through optimi-
zation of the data acquisition conditions, spectral differences can 
be used to distinguish compositionally similar organic phases. 
In addition, the energy-fi ltered image series acquired across the 
low-loss spectral range enables direct extraction of local elec-
tronic states in organic fi lms and validates the use of multivar-
iate statistical methods for composition analysis. In this work, 
the applicability of this low-loss EFTEM spectrum-imaging 
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technique by mapping the domains within a P3HT/PCBM mix-
ture was demonstrated, revealing P3HT fi bers distributed in 
a PCBM-rich matrix. The imaging conditions rely on electron 
doses near the critical dose for damage in P3HT, but are sig-
nifi cantly below the critical dose for PCBM. Future efforts are 
warranted to image at lower doses under different accelerating 
voltages or cryogenic temperatures to fully explore the poten-
tial of low-loss EELS. The low-loss EFTEM technique presented 
here is extendable to various combinations of organic materials 
or complicated multicomponent systems, in which differences 
in electronic band structures will enable mapping of the con-
stituent components.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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