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Abstract

Organic photovoltaic materials have recently seen intense interest from the re-
search community. Improvements in device performance are occurring at an
impressive rate, however visualization of the active layer phase separation still
remains a challenge. This paper outlines the application of two electron energy-
loss spectroscopic (EELS) imaging techniques that can complement and enhance
current phase detection techniques. Specifically, the bulk plasmon peak position,
often used to produce contrast between phases in energy filtered transmission
electron microscopy (EFTEM), is quantitatively mapped across a sample cross
section. A complementary spectrum image capturing the carbon and sulfur core
loss edges is compared with the plasmon peak map and found to agree quite
well indicating that carbon and sulfur density differences between the two phases
also allows phase discrimination. Additionally, an analytical technique for de-
termining absolute atomic areal density is used to produce an absolute carbon
and sulfur areal density map. We show how these maps may be re-interpreted
as a phase ratio map, giving quantitative information about the purity of the
phases within the junction.

Keywords: Phase Detection; Organic Photovoltaics; Plasmon Energy Mapping;
Electron Energy Loss Spectroscopy; EELS Core-Loss Mapping; EFTEM.

1. Introduction

Recent years have seen an increasing interest in organic photovoltaics (OPV)[1,
2, 3]. As aresult there is a high scientific demand for microstructural characteri-
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zation of the various fabricated devices[2]. Here we introduce several techniques
for examining OPV materials in a (scanning) transmission electron microscope
((S)TEM) instrument capable of electron energy-loss spectroscopy (EELS). The
materials under investigation here are PSHT, PTB7 and PCBM. These mate-
rials offer a good test system for demonstrating carbon density phase detection
due to their different carbon densities (71 carbon atoms/nm? for PCBM, 38
carbon atoms/nm? for PTB7, and 42 carbon atoms/nm? for P3HT, discussed
later). Although this study is material specific, the techniques discussed here
can certainly lend themselves to other material systems given that either the
densities of an element are different between the two materials or a unique
identifying element exists in one of the materials.

Organic materials exhibit poor contrast in the TEM due to their low Z
number and fairly uniform densities[2]. Energy filtered TEM (EFTEM) is an
increasingly common method for enhancing contrast in organic materials. This
is accomplished by introducing a post-specimen energy window that only allows
electrons having a specific range of energies form the image[4, 5, 6, 7, 8,9, 10, 11].
The motivation behind the use of this technique is that the different materials
within the bulk heterojunction (BHJ) have plasmon losses at different energies.
For example, in the P3HT/PCBM system, positioning the energy window at
19 eV will cause the P3HT to brighten and the PCBM to darken. Positioning
an energy window at 30 eV will cause the PCBM to brighten and the P3HT
to darken[6]. Hence, an artificially colored composite of these two images gives
clear contrast between the materials.

One of the drawbacks of this method is that it is a projection. A second
drawback is that it is a qualitative measurement. Together, these can distort
one’s perception of the actual structures in the material. Intensities are linked
to a predominance of one material or another but this says nothing about pu-
rity. For example, if one were to examine a sample and find areas of high PCBM
concentration the natural interpretation would be to assume these are PCBM
aggregations in a network of donor polymers. However, this same picture can be
explained as an interconnected donor polymer web in a PCBM matrix. With-
out knowing purity (or the volume fraction) of each constituent polymer these
two cases become indistinguishable. EFTEM tomography alleviates the prob-
lem of projection and is thereby able to distinguish between these two cases but
still lacks quantitative information about purity. This technique is also techni-
cally challenging and has seen limited use in the investigation of OPV material
systems.

In this study we explore an alternative material detection mechanism that
allows for a quantitative measurement of the fraction of each material. In the
first part of the paper we show how this can be accomplished, given a few
assumptions, with a spectrum image that captures the carbon K edge. Using
this technique we find evidence for a mixed phase in a P3HT/PCBM system.
We then outline a further refinement of the technique that relies on both the
carbon K edge and the sulfur Lz edge. With an additional measurement,
fewer assumptions are required and a comparison of several calculations allows
an error bar of £20% to be assigned to the technique. Here we illustrate the



detection of a PTB7 web in a PCBM matrix rather than what initially appears
to be PCBM aggregates in a PTB7 matrix.

2. Experimental

2.1. Materials and Device Fabrication

Two material systems were investigated in this study: P3HT/PCBM and
PTB7/PCBM.

For the PSHT /PCBM system: Regio-regular poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM) (99.5%) were purchased
from Rieke Metals Inc., and Nano-C Inc., respectively.

The substrates used were silicon wafers first cleaned in hot piranha (1:3
H,S0,.H,0,) for 30 min, then washed in deionized (DI) water and dried under
nitrogen gas. P3HT:PCBM (in a weight ratio of 1:0.8) was then dissolved in
o-dichlorobenzene (ODCB) to achieve a solution with P3HT and PCBM concen-
trations of 10 mg/ml and 8 mg/ml, respectively. Spin coating this solution on
the substrate produced 70 nm thick films. Subsequent solvent vapor annealing
in Toluene was performed for 1 hour at 90% of the solvent vapor pressure to
enhance phase separation. The device exhibited a Js. = 5.193 mA /cm?, V,, =
0.547 V, FF = 47.8%, and a PCE = 1.36%. Additional details may be found in
a separate publication[12].

For the PTB7/PCBM system: Poly (4,8-bis [(2-ethylhexyl) oxy] benzo [1,2-
b:4,5-b’] dithiophene-2,6-diyl 3-fluoro-2- [(2-ethylhexyl) carbonyl] thieno [3,4-b]
thiophenediyl) (PTB7) and PC7; BM were purchased from 1-Material and Nano-
C, respectively, and used as received. The PTB7:PC71BM blend solution was
prepared by dissolving PTB7 and PC7;BM (with 1:1.5 ratio and 25 mg/ml total
concentration) in dichlorobenzene and heating at 70 °C for several hours.

Indium tin oxide (ITO) substrates were first cleaned by detergent and sub-
sequently sonicated in DI water, acetone, and isopropyl alcohol (IPA) followed
by baking at 80 °C for one hour. The PFN solution was prepared by dissolving
PFN in methanol (2 mg/ml) with the presence of a small amount of acetic acid,
and spun cast onto the UV-treated ITO substrates at 3000 rpm. The active
layer was spun cast at 1000 rpm for 90s followed by drying for 30 minutes in
inert environment. Finally, the device was completed by thermally depositing
8 nm of MoO3 and 100 nm of Ag. The device exhibited a Js. = 15.3 mA /em?,
Voe = 0.72 V, FF = 46.9%, and a PCE = 5.2%. Additional details may be
found in a separate publication[13] (article under review).

2.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) studies were performed using a
Zeiss Libra 200MC TEM. This TEM is equipped with an energy filter and
monochromator and was operated at an accelerating voltage of 200 kV.

Cross-section samples were prepared using a Zeiss Auriga Crossbeam focused
ion beam (FIB) microscope. A final polish at a beam current of 10 pA and
accelerating voltage of 10 kV was used to limit beam damage.



Energy filtered TEM (EFTEM) images have previously shown successful
determination of phase separation in similar bulk heterojunctions[4, 6, 5, 7, 2].
Following the techniques described in earlier studies, EFTEM images were taken
with a slit width of 8 eV centered at 19 and 30 eV. Artificial coloring was added
and the EFTEM images were overlaid to enhance visualization of the phases.

EELS imaging was performed with an energy resolution of 0.56 eV (full
width half maximum (FWHM) of the zero loss peak (ZLP) in vacuum).

2.8. Data Analysis

Low loss EELS data was fit with Gaussian peaks by a least squares fitting
routine. The zero loss peak (ZLP) was approximated by the sum of a Gaussian
and Lorentzian function.

The core loss data was fit with a background subtraction routine of the form
E~"+aFE?+bE +¢. Concurrently, a hydrogenic partial scattering cross section
model was used to fit the core loss edges. Additionally a representative low loss
spectrum of the same area was convolved with the hydrogenic scattering cross
section to more accurately fit the edge and account for features due to plural
scattering.

In order to obtain quantitative elemental measurements the scattering prob-
ability must be calculated. Once the background was subtracted from a core
loss edge, the area under the edge was used as an estimate of the total scatter-
ing probability for that element. Scattering probabilities for single atoms are
well known[14] and dividing the measured scattering probability by the known
scattering probability produces the number of atoms (of that element) under
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Here Nguioms is the number of atoms under the beam, N is the number of
incident electrons, Ny is the number of scattered electrons (area under the EELS
edge), and Py is the probability of scattering from a single atom. For further
discussion see Egerton (2011)[15].
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3. P3HT/PCBM System: Results and Discussion

3.1. EFTEM Imaging

In order to give a baseline comparison for the EELS imaging results, EFTEM
imaging was performed to distinguish between P3HT and PCBM. Figure 1
represents a typical EFTEM image from the sample. We can clearly distinguish
between the P3HT and PCBM rich areas. The PCBM rich area in this sample
aggregates near the Si substrate.

One of the caveats for using the bulk plasmon for this type of imaging is that
many materials have bulk plasmons in similar ranges. For example silicon has
a sharp bulk plasmon peak at ~19 eV which falls precisely in the energy range
usually used to detect P3HT. In Figure 1 we can see that this causes the silicon
to exhibit a strong “P3HT” signal. This is not a problem in this case because
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Figure 1: EFTEM image in cross-section reveals the phase separation between
P3HT and PCBM. The Si substrate appears blue due to the large bulk plasmon
peak of Si near the 19 eV energy window.

we are well aware of the silicon plasmon location before any EFTEM image
is taken; however the introduction of contaminant materials[16] or unexpected
variations in the bulk plasmon could easily distort EFTEM images. For this
reason, recorded spectra should accompany EFTEM imaging. Ideally an EELS
image should be used so that precise analysis of spectral variations with sample
position can be examined post-acquisition.

3.2. EELS Imaging

EELS images were also taken of the cross-section samples. With this tech-
nique the electron beam is slowly rastered across the sample and an EELS
spectrum is recorded at each position. Figure 2 shows one such spectrum from
a spectrum image fitted with two Gaussian peaks to capture the position of the
bulk plasmon peak.

The movement of the bulk plasmon peak labeled “Peak 2” is responsible for
the intensity variations highlighted in the EFTEM images (Figure 1). This peak
position can be seen to shift by about 1 eV depending upon which material the
beam is incident, Figure 3a. The color in Figure 3a shows the energy position of
peak 2 while the x and y dimensions represent physical position on the sample.
It should be noted that peak 1 was merely used so that the fitting algorithm
did not attempt to use peak 2 to represent data below about 15 eV. Additional
peaks do improve the fit in the low energy range but are unnecessary for accurate
fitting of the bulk plasmon. Peak 2 does indeed capture the bulk plasmon peak
quite well so the position measurements for this peak are well represented. It
is not surprising that this produces similar results to the EFTEM image since
they both rely on the same spectral feature changes.
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Figure 2: Example fit of a single spectrum from the EELS spectrum image.
Peak 2 captures the bulk plasmon peak position which is mapped across the
sample in figure 3a.

The EELS plasmon map is not a completely independent measurement tech-
nique from EFTEM imaging as it also relies upon the movement of the plasmon
peak to differentiate the component materials. Specifically, this measurement
seems to indicate a PCBM-rich layer at the surface of the sample as seen in
Figure 3a. We know that there is also a layer of platinum somewhere in this
region so it is unclear whether this signal is truly from PCBM. A second method
is needed to confirm this observation.

In order to obtain a completely independent measurement we noted that the
carbon density in P3HT is about half that of the carbon density in PCBM. We
calculated carbon density by multiplying the carbon weight percent, obtained
from the linear formulas, by the density of each material and converting to
appropriate units. For P3HT we used a the linear formula C;,H,,S, and density
of 1.15 g/ml, to predict a carbon concentration of 42 atoms/nm?. For PCBM
we used the liner formula, C,,H;,0,, and a density of 1.5 g/ml to calculate a
carbon concentration of 71 atoms/nm?.

It is important to note that these density values are rather rough estimates
taken from measured literature values. Table 1 shows a few of these values
and we see there is a significant spread, particularly in the density of PCBM. It
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(a) Quantitative view of the plasmon peak shift between the PCBM rich and P3HT rich phases.
The Si substrate is at the bottom of the image. The PCBM rich area is found where the plasmon
peak shifts to higher values near the substrate. The top layer that generates a signal similar
to that of PCBM has a very low carbon concentration (see Figure 3b) and is attributed to the
platinum protective layer deposited during sample preparation.
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(b) Carbon areal density measured across the same area as in Figure 3a (a small vertical drift
is present). The higher carbon density areas closely match with the plasmon peak position
shift in Figure 3a demonstrating the viability of this technique.

Figure 3: The agreement between Figures 3a and 3b gives credence to the
techniques. The plasmon signal at the top in Figure 3a highlights the possible
misinterpretation of the plasmon variations which make this area appear as a
high PCBM concentration area, yet Figure 3b shows it to be devoid of carbon.



Table 1: Summary of densities for PCBM and P3HT. All values are in g/cm?.

PCBM P3HT

1.6407 s 11607
1.509 20, 21] 1 75022
1.330% 1.1203
1.2502% 1.1[r0, 23]

seems likely that processing parameters play a significant role in the final density
and that one may even find a range of densities within the same sample due to
(for example) degree of crystallinity. Future refinements of this technique may
heighten the precision such that these small density fluctuations become appar-
ent (and their detection would be quite revealing). Indeed, precision density
measurements on a nanometer scale should be possible on a specimen of known
thickness (on a single, uniform material). In this case, however, the thickness is
unknown, therefore we must rely on literature values for the material densities
which is one source of error in the resulting measurements.

In order to measure this difference, another EELS image was obtained in the
same area and the carbon core loss edge was recorded. For each spectrum, the
background was subtracted and the carbon areal density was calculated based
on scattering probability as outlined in the Data Analysis section. An example
spectrum, fit with a hydrogenic model, is shown in figure 4. The analyzed
spectrum image is shown in Figure 3b where the x and y coordinates are the
position on the sample and the color represents carbon areal density.

The similarity between Figures 3a and 3b is clear. There is a higher carbon
density in the same locations where the plasmon peak shifts to higher energy.
The only area in which they disagree is in the surface layer. The carbon density
map shows low carbon density indicating little PCBM while the plasmon peak
position map shows a PCBM-like shift. This layer is indeed the protective plat-
inum layer deposited during the FIB sample preparation and is a good illustra-
tion of the importance of verifying measurements through multiple independent
techniques. Another advantage to using carbon density for distinguishing com-
position is that it is relatively insensitive to beam damage. Even if the polymers
are damaged (bonds are broken and the sample chemically altered) during the
data acquisition, the amount of carbon present in the sample will not change.
However, one of the challenges of this technique is carbon contamination dur-
ing data acquisition, i.e the build up of additional carbon on the surface of the
sample will mask the carbon variations. Hence, extreme care must be taken to
ensure a contamination free experimental environment.
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Figure 4: Example fit of a single spectrum within the BJH shown in figure
1. The background model was fit within the energy range 256-281 eV and the
hydrogenic model was fit excluding the range between 279-334 eV.

4. Phase Ratio Mapping

With a carbon density map a further quantification becomes possible, namely
the ratio of the component materials under the beam. In order to obtain this
information we must know the thickness of the sample. If we know the thickness
and we know the carbon density of the materials involved we can calculate the
fraction of each component present through a linear combination of the predicted
carbon density.

Let ppsgr and tpsgr be the carbon density and thickness of the P3HT, and
ppcem and tpopy be the carbon density and thickness of the PCBM. p,t, is
then the carbon areal density we would measure for material x. In general, our
measurement, M, is comprised of two parts:

xppsart + (1 — X)ppcBmt = M (2)

Here, x represents the volume fraction of PSHT and is precisely what we
would like to determine at every point on the sample. The only other unknown
in this equation is ¢, the thickness of the sample.

In order to get a measurement of ¢ we must meet three criteria.

e The area of interest over which the spectrum image is acquired must be
of uniform thickness.

In order to ensure this criterion is met as close as possible, the sample was
prepared in a FIB with the specific intention of making the front and back
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(a) Schematic of sample structure (b) Schematic of BHJ structure. P3HT has been
removed to enable a clear view into the junction.

Figure 5: Conceptual diagram to aid understanding of the equations. The left-
hand diagram is oriented perpendicular to the beam which traverses the sample
vertically. We assume P3HT occupies some thickness within the BHJ (tp3pr)
and that the rest of the BHJ is occupied by PCBM (tpcpa). In general, the
total thickness of the sample is t;o; = tpsgT + tpcaym- In certain areas of the
BHJ, however, the beam will go through either all P3HT (near the Pt cap) or
all PCBM (near the Si substrate). In these cases the total sample thickness
becomes ti,: = tpsgr and tior = tpopn respectively.
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faces coplanar, the width of the junction under examination is only about
100 nm, and Zero filtered imaging shows little thickness variation. With
the addition of the sulfur signal this criterion can be removed as discussed
later.

e There are some areas of pure material.

This criterion is rather restrictive. It requires that the feature sizes within
the junction (i.e. the phase separated domain sizes) are at least as large
as the thickness of the sample. This requires large domain sizes which do
not represent the ideal OPV structure. Many samples investigated did
not meet this criterion and could not be analyzed with this first method.
With the addition of the sulfur signal this assumption can be removed as
discussed later.

e The sample is contamination free.

Naturally, any contamination build-up during data acquisition will alter
the carbon signal. We acquired images before and after the EELS acqui-
sition to verify that contamination was not present.

If these three criterion are met, then in the areas of highest and lowest carbon
concentration, equation 2 simplifies since x is either 0 or 1 (making use of the
presence of pure material). The areas with the highest carbon density are pure
PCBM while the areas with the lowest carbon density are pure PSHT. This is
expressed as:

pp3aTtP3HT = MPp3aT (3)

and

)

ppcBMtrecBMm = MpeBm (4)

where Mpsgr and Mpcpa are the measured areal densities of the highest and
lowest value pixels within the junction (i.e. taken from the data in figure 3b in
locations where the beam is actually within the junction not on the Pt cap).
We can then use the literature densities and our measurements to obtain the
sample thickness. If the three criterion are indeed met, tpsgr = tpepm = t.
The values obtained are summarized in table 2. Their close agreement indicates
that the criterion were met acceptably well.

As an independent check on the validity of the thickness measurement, low-
loss spectra were collected on the Si substrate and analyzed using the log-ratio
method to determine a thickness[24] of 62 and 67 nm depending on the method
used to determine the electron inelastic mean free path (IMFP or \) (see sup-
porting information for details). This solidifies the veracity of the thickness
measurement and indicates that our model and assumptions are reasonably ac-
curate.

Taking the thickness of the sample to be 65 nm the carbon density map can
be re-interpreted as a phase ratio map by solving equation 2 for yx:

_ M — ppcput (5)
ppsaTt — ppcBMT

11



Table 2: Summary of different thickness measurements.

Thickness A Average Equation

tPcBM 65 nm 0.0% Eqn 3

tp3HT 66 nm 1.5% Eqn 4

Log-ratio power-law 62 nm -4.6% See sup. materials
Log-ratio linear 67 nm 3.0% See sup. materials
Avg 65 nm 0% Average

Figure 6 shows the carbon densities re-interpreted as a fraction of P3HT.
What we immediately see from this picture is that we have a large amount
of mixed material that is always present between the pure phases. There are
three possibilities that may account for this. The first possibility is that the
transition region from one material to the other is not perpendicular to the
electron beam which will make a sharp transition appear much smoother. This
option, although possible, seems unlikely since we do not see a sharp transition
anywhere. If the mixed material was simply due to overlapping domains we
would expect to get a sharp transition somewhere. Alternatively, fractal-like
structure with well defined (sharp) boundaries yet decreasing in feature size
could also produce a similar component profile. The third possibility, which may
not actually be much different from the second except in how it is expressed,
is that there is a mixed phase composed of both P3HT and PCBM. There is
mounting evidence that such a mixed phase exists[7, 25, 26, 27]. Treat et al.
(2011)[27] observed quick diffusion of PCBM into the amorphous areas of P3HT,
suggesting that, though crystalline PSHT is immiscible with PCBM, amorphous
P3HT readily mixes upon heating. Pfannm oller et al. (2011)[7] observed such a
mixed phase employing EFTEM imaging and a nonlinear multivariate statistical
analysis. They found that the mixed phase decreases device performance due
to a decrease in charge separation. Tvingstedt et al. (2010)[26], and Zhang
et al. (2012)[25] also uncovered evidence for the presence and detriment of
a mixed phase through the use of photoluminescent spectroscopy and near-
infrared femtosecond transient absorption spectroscopy. Therefore it seems most
likely that what we are observing in figure 6 is a mixed phase between the pure
domains of P3HT and PCBM.

5. PTB7/PCBM System: Results and Discussion

5.1. Density measurement

We found no previously reported literature value for the density of PTB7.
The density of PTB7 was obtained by measuring neutron scattering length
density (nSLD) of spun-cast PTB7 film using neutron reflectivity. In nSLD,
is defined as,

12
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Figure 6: Data from figure 3b re-interpreted as a fraction of P3HT. In some
areas equation 5 produces false values (above 100%) due to the low carbon
concentration in the Pt cap toward the top. In these cases it is not a physical
result. These values have been set to zero.
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where N, and p,, are Avogadros number (mol~!) and the mass density of
the material (g/cm?), by and m,  are the coherent neutron scattering length
(fm)[28] and atomic mass (g/mol) of the k' atom in a molecule with total n
atoms. The obtained mass density of PTB7 was found to be 1.17 g/cm?.

(6)

k
a,k

5.2. Quantitative elemental mapping

An EELS image was obtained from a PTB7/PCBM phase separated cross
section sample and the carbon K edge and sulfur Los edge were recorded. For
each spectrum, the background was subtracted and the carbon areal density
was calculated based on scattering probability as outlined in the Data Analysis
section. The resulting images are shown in Figure 7.

Figures 7c and 7d are clearly complementary. The sulfur signal denotes the
PTB7 while the high carbon density denotes the PCBM.

5.8. Mathematical description

Further refinement of this technique is possible with the additional infor-
mation provided by the sulfur signal present in many of the donor polymers
used in OVPs such as PTB7, which has a sulfur density of 3.72 atoms/nm3.
Specifically, two additional ways to calculate the volume fraction of the compo-
nent materials become available. The first is to use the thickness obtained from
equations 3 or 4 and calculate what the sulfur signal should be in a pure PTB7
area. For example, if the sample was 100 nm thick, given a sulfur density of
3.72 atoms/nm?, we would expect an atomic areal density of 372 atoms/nm?.
We can then divide our actual measurement by this value to obtain a fraction
of the predicted total. We express this as

13
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Figure 7: We clearly have qualitative agreement between the sulfur and carbon
areal density maps which show features similar to the EFTEM image.
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where Mg is our measured sulfur areal density, and Mg, , is the total predicted
sulfur areal density for a pure PTB7 region. This is not much better than the
previous method for calculating volume fraction since it still works under the
criteria that the sample must be of uniform thickness and there must be a pure
area to measure the sample thickness. This is not surprising since here we are
simply using the sulfur signal instead of the carbon signal.

The third way to calculate volume fraction is by making use of both the
carbon and sulfur signal together. In general, the carbon signal is composed
of two parts, the PCBM part and the PTB7 part. The sulfur signal, however
comes only from the PTB7. We can, therefore, use the sulfur signal to predict
how much of the carbon signal is from PTB7. The sulfur signal can be written

X

Ms = pstprpr (8)

where Mg is the measured sulfur areal density, pg is the density of sulfur in
PTB7, and ¢prp7 is the thickness of the PTB7 (not the total thickness). We
can then solve for ¢ prp7 and use it in the relation

MprB7r = pprBitPTBY 9)

where M prp7 is the unknown component of the carbon signal due to PTB7 and
pprB7 is the carbon density of PTB7. The ratio of Mprp7 to the total carbon
signal measured gives the fraction of PTB7 in the film.

Y= Mprpr _ pprerterer _ prrerMs (10)
M M psM
In this equation we no longer require any area of pure material, and we
also do not require that the sample be of uniform thickness. In fact, once the
ratio of the component materials is determined we may calculate a thickness for
every pixel in our spectrum image based on the carbon areal density with the
following equation.

PPTB7 PPCBM

This measurement becomes handy because equations 5 and 7 both need
a thickness input that is acquired by assuming pure material somewhere on
the sample and also assuming uniform thickness. By using equation 11 for
the thickness we eliminate both requirements for equations 5 and 7. In fact,
equations 5 and 7 actually become identical when equation 11 is used for the
thickness.

15



5.4. Comparing the models

We used the variable thickness from equation 11 to generate a thickness map
(figure 8a) and then used this map as input into equations 5 and 7 (which result
in the same expression) to form the PTB7 volume fraction map shown in figure
8b. Figure 8c shows the PTB7 volume fraction map obtained from the combined
sulfur and carbon signal from equation 10. We note that they both show the
same overall structure and agree with each other to about 10-20%. One feature
that is common is that there is no pure PTB7 anywhere. This is not evident
from examining the EFTEM image shown in figure 7a. In the EFTEM image
it appears as though we have PCBM aggregates in a PTB7 matrix. This would
imply that the PTBT areas are pure. Instead we see that the maximum PTB7
concentration is between 49% and 64%. This implies that what we are actually
seeing is an interconnected network of PTB7 in a matrix of PCBM.

5.5. Sources of Error

Agreement between the equations of only 10-20% is not surprising since we
know that we have a few uncertainties in our measurements. One source of
error is uncertain material densities, mentioned earlier. Variation in reported
densities may not just be errors in measurement but rather actual variation
in density of the material based on processing parameters. For example, the
P3HT density in the mixed phase is not necessarily the same as amorphous (or
crystalline) P3HT. None of these variabilities are taken into account. Table 1
shows the range of values found in the literature for P3HT and PCBM densities.
The density for PTB7 was not found in the literature, which prompted our own
measurements.

A second source of error is in the fitting of the sulfur signal. The sulfur
concentration is fairly low and this results in a small signal on top of a relatively
large background (see figure 7b). The smaller the signal, the more uncertain
is the measurement. This could lead to inaccurate representations particularly
in the PCBM regions (PCBM has no sulfur) and indeed, in the thickness map
(figure 8a) we see slight structure that follows the PTB7 structure which may
be introduced by the sulfur fitting. It is unlikely that this thickness variation
truly exists.

A third, less pronounced, source of error is in fitting the carbon signal. This
is a strong signal, well above the background so it is likely errors arising from
improper fitting of the carbon signal are relatively small.

A fourth, possible source of error is that FIB milling may create a thin,
dense, amorphous carbon layer on the surfaces. This is not taken into account
in any of the equations and should have some effect on the calculated volume
fractions. How much, is at this point, unknown.

6. Conclusion

We have shown two methods for component material detection in OPV sys-
tems, namely EELS imaging for plasmon peak position mapping and EELS
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Thickness (nm) (eqn 11)

u65-70
" 60-65
= 55-60
u50-55

a ickness map based on equation 11. Most values lie between an
Thick based ion 11. M 1 lie b 55 and
65 nm.

PTB7 Volume Fraction (eqn 5 or 7)

#0.6-0.7
#0.5-0.6
®0.4-0.5
u0.3-0.4
=0.2-0.3
=0.1-0.2
u0-0.1

(b) Volume fraction of PTB7 based on equations 5 or 7 using the variable
thickness (from a) ) in lieu of assuming a constant thickness.

PTB7 Volume Fraction (eqn 10)

#0.4-0.5
u0.3-0.4
#0.2-0.3
u0.1-0.2
=0-0.1

(¢) Volume fraction of PTB7 based on both the sulfur and carbon signal
(equation 10).

Figure 8: Comparison between the methods for calculating volume fraction of
PTB7. We see agreement within about 10-20%.
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imaging for core loss elemental concentration mapping. The plasmon peak po-
sition mapping relies on plasmon position shifts that are well established for
EFTEM imaging but, to the author’s knowledge, no quantitative position map-
ping across a sample has been done. Such a map gives slightly more detailed
information about the sample because each spectrum can be analyzed indepen-
dently post-acquisition for possible artifacts.

EELS image analysis for quantitative carbon and sulfur concentration map-
ping demonstrated component detection capabilities due to the elemental den-
sity differences between P3HT and PTB7, and PCBM.

We further demonstrated that the carbon areal density map may be trans-
formed into a component ratio map which offers a much more useful quantifi-
cation of the data. This requires that the sample thickness be known, which
we demonstrated can be obtained from the carbon areal density map with a
few assumptions, or from the combined carbon and sulfur areal densities. The
component ratio map may be employed to determine the sharpness of the com-
ponent separation as well as the purity of the separated phases which will have
significant impact on device performance.

The ability to interpret core loss EELS images in terms of absolute atomic
density has much farther-reaching applications than just OPV characterization.
It could be used in studies on block copolymers, ionomers, or other biological
samples. It could be used to determine impurity concentrations, atomic ratios,
or ratios of composite materials. Moreover, once the data is converted to atomic
density, rather than counts, different experiments under different conditions in
different microscopes may be compared to each other.
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8. Supporting Materials

8.1. Log-ratio thickness measurements

A well-established technique for determining sample thickness is the log-
ratio method outlined by Malis et al. (1988)[24]. This technique depends on
knowledge of the electron inelastic mean free path (IMFP or A) within the
material. Accurate measurements are often lacking since 7 the IMFP varies
according to beam energy as well as collection angle. Approximation schemes
are accurate only to 10-20%[29, 30] so we chose to rely on interpolation between
values in a previously measured dataset (Mitchel et al. 2006)[29]. Figure 9
shows experimental values for IMFP (\) at 200 kV for various collection angles
(8). Similar findings were also presented by Lee et al. (2002)[30]. The data was
fit with a power-law curve (equation of best fit superimposed) which seemed

18



240 | Power law fit

60 4 ¢ y = 226.2x°0117

120 -

100 T T T T T T T Y
0 20 40 60 80 100 120 140 160

B (mrad)

Figure 9: Power law fit to experimental data from Mitchel et al.[29]. From the
equation of best fit (superimposed) a A\ value of 187 nm is determined from the
B angle of 5.1 mrad used in our experiments.

to represent the trend in the data most accurately. The power-law equation
was then used to find a A value of 187 nm based on the collection angle of 5.1
mrad used in our experiments. Since the power-law fails to capture the precise
trend of the data (i.e. underestimates at the lowest value and overestimates
on the following three), this value can only be taken as a guess. Based on the
closeness of 8 = 5.1 to the lowest value, it’s likely an underestimate. A linear
interpolation of the first two data points results in a A value of 204 nm, which,
based on the general curve of the data, we assume to be a slight overestimate.
Therefore, 187-204 nm is the best guess for A.

Low-loss spectra taken from the Si substrate just below the spectrum image
acquisition site give a relative thickness of 0.33\ = 62 — 67 nm using A = 187
nm and A = 204 nm. These thicknesses are in close agreement with the other
thickness measurements discussed in section 4.
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