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A B S T R A C T

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

1. Introduction

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

The performance of OPVs is highly dependent on their morphology
and chemical composition. Generally, they are composed of domains of
donor and acceptor materials [3]. Morphology changes due to de-
gradation can cause phase domains to become larger than the exciton
diffusion length, while chemical changes can shift energy levels or
decrease the amount of light that can be absorbed [2,4]. Furthermore,
the interface between donor and acceptor domains plays an important
role, since power generation in OPVs takes place at this interface.
(Chemical) changes at the interface are therefore expected to have a
large effect on the overall performance of the OPV device, due to, e.g.,

changes in energy levels upon oxygen and water uptake [5,6]. Whether
oxygen and water uptake occurs mainly in the donor or acceptor phase,
or at the interface, is a question that still needs to be resolved. Energy
Filtered Transmission Electron Microscopy (EFTEM), Scanning Trans-
mission Electron Microscopy combined with Electron Energy Loss
Spectroscopy (STEM-EELS) and STEM combined with Energy Dis-
persive X-ray Spectroscopy (STEM-EDX) are techniques with the po-
tential to resolve this question, both qualitatively and quantitatively.

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

dose used to image the sample. OPV materials are electron beam sen-
sitive, meaning that their properties will change during exposure to the
electron beam [11–15]. Beam damage can be seen as, e.g., the decrease
of diffraction ring intensity [12,13], shrinkage or expansion across the
illuminated area [12], and loss of elemental information [14,15]. Fur-
thermore, mass loss can occur [16]. It has been shown that the extent of
this beam damage can be reduced by temperature [12], meaning that
OPV materials exhibit less decrease of diffraction ring intensity at
cryogenic conditions. Furthermore, the amount of shrinkage and/or
expansion also changes when going from room temperature to cryo-
genic conditions. More interestingly, at cryogenic conditions, an
oxygen- and water-free sample preparation further stabilizes OPV ma-
terials [12]. Additionally, cryogenic conditions could prevent the
boiling off of volatile species in high vacuum [17], which creates the
possibility of measuring the presence of physisorbed oxygen and water
using EFTEM, STEM-EELS or STEM-EDX, in addition to chemical
changes (chemisorbed, i.e., chemically bonded water and oxygen) as a
result of OPV degradation. In principle, STEM-EELS and STEM-EDX are
more suited to low electron dose analysis, because of their ability to
detect multiple elements in one acquisition, and simultaneous acquisi-
tion of the background. In EFTEM, three acquisitions are needed just for
one element, significantly increasing the accumulated electron dose.
However, EFTEM holds the advantage of acquiring a larger field of
view, beneficial for statistical analysis, in relatively short acquisition
times as compared to STEM-EELS and STEM-EDX [18].

The high electron doses required for EFTEM, STEM-EELS and STEM-
EDX are thus likely to cause electron beam damage, making it difficult
to acquire 3D elemental information using tomography [19], which
would be necessary to resolve local chemical changes in a bulk het-
erojunction morphology, a bicontinuous network of donor and acceptor
domains. Therefore, to visualize interface regions, model systems are
necessary, making it possible to localize the interface region in 2D
images [20,21]. Columnar model systems, with columns perpendicular
to the sample plane, are best suited for this kind of analysis. To realize a
corresponding columnar model system, sample preparation methods
such as nanoimprint lithography [22,23] and block-copolymer self-as-
sembly [24,25] can be utilized.

In this paper, columnar model systems are fabricated using the
phase separation between P3HT and polystyrene [26,27]. After repla-
cing the polystyrene with PCBM, this model system allows us to localize
the interface region, and perform chemical analysis of the P3HT, PCBM
and interphase regions from 2D micrographs. Cryogenic STEM-EELS,
STEM-EDX and EFTEM will be used to measure the oxygen and water
uptake in these P3HT:PCBM model systems, where a distinction will be
made between the P3HT region, the PCBM region, and the interphase
region. Electron beam damage is analyzed to guide experiments to
maximize information content in the acquired data. Finally, a com-
parison between the three techniques is given, highlighting the benefits
and drawbacks of each technique for the low-dose elemental analysis of
OPV, and beam sensitive materials, in general.

2. Materials and methods

2.1. Materials

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

2.2. Preparation of columnar OPV model system

22.5 mg P3HT and 7.5 mg PS were dissolved in 1 ml chlorobenzene.
The solution was stirred at 70 °C for 24 h to completely dissolve the
materials [26,27].

A custom-made specimen holder [12] was cleaned by ultrasonica-
tion in acetone for 30 min, followed by rubbing with soap and rinsing
with demineralized water. Afterwards, the specimen holder was ultra-
sonicated in isopropanol for 30 min, followed by a final UV-ozone
treatment for 30 min.

The P3HT-PS solution was spin-coated (using a Laurel WS-650-
23NPP-LITE Spin Coater outside the glovebox and an SPS POLOS Spin
150i inside the glovebox) on a TEM grid loaded specimen holder at
2000 rpm for 1 min. The spin-coated TEM grid was removed from the
specimen holder and submerged in acetone for 1 h to completely re-
move all PS, whilst stirring. Hereafter, the TEM grid was washed with
acetone to achieve complete polystyrene removal. Afterwards, the
washed TEM grid was loaded on a freshly cleaned specimen holder, and
PCBM was spin-coated on top at 3000 rpm for 1 min. Samples were
prepared in either a glovebox with inert atmosphere, or in air. Glovebox
samples were submerged in liquid nitrogen, directly after leaving the
glovebox (M-Braun Labmaster Glove Box System) to minimize exposure
to air. Samples prepared in air were exposed to 100% humidity in a
Vitrobot for 10 min before plunge-freezing in liquid ethane.

The model system was analyzed using large-area stitching, using the
TU/e Acquisition Toolbox [28], on a Tecnai G2 Sphera microscope
(Thermo Fisher Scientific, equipped with a LaB6 and operated at
200 kV. Sulfur and thickness maps to assess the sample morphology
(Fig. 2b and c) were acquired on the TU/E Cryo Titan (Thermo Fisher
Scientific), operated at 300 kV, equipped with a field emission gun, a
Gatan GIF 2002 and a 2k × 2k Gatan CCD camera.

2.3. Critical dose determination

EELS data was acquired on the TU/e Cryo Titan, as described above.
The microscope was operated at cryogenic conditions. The spectra were
acquired at an energy loss of 500 eV, with a dispersion of 0.5 eV/pixel,
a dose rate of 5 e/Å2s, an acquisition time of 1 s, and by summing 10
frames per spectrum.

To determine the oxygen K-edge intensity in the EEL spectra, a
power law was fitted to the spectrum between 465 eV and 525 eV via a
non-linear least squares method in MATLAB (Eq. (1), where I is the
intensity (counts), x the energy loss (eV) and a and b are fitting para-
meters). This power law was extrapolated and subtracted from the
spectrum between 535 and 565 eV, as background correction.

= −I ax b (1)

The total intensity of the background corrected signal between 535
and 565 eV, i.e., the oxygen peak, was plotted as a function of the ac-
cumulated electron dose. The loss in intensity of the oxygen peak in the
EEL spectra was used as a criterion to quantify the beam-sensitivity of
the sample and to determine the critical dose for all subsequent ex-
periments. In EFTEM, the critical dose was only spent on the oxygen
edge. Therefore, additional beam damage due to acquisition of pre-edge
images, the sulfur map and the thickness map needed to be assessed
using the normalized cross correlation coefficient method [12].

During combined STEM-EELS/EDX acquisition sub-pixel scanning
was not active due to software restrictions. However, since sub-pixel
scanning reduces the amount of radiation damage, the measured
oxygen content without sub-pixel scanning is lower than with sub-pixel
scanning, so that conclusions regarding the oxygen content remain
valid.

2.4. Elemental mapping

Table 1 shows the total dose used, and pixel size and image size
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acquired with each technique. The calculated critical dose was used to
acquire the oxygen K-edge signal, and the pixel size was kept at a si-
milar size between techniques. Due to the lack of beam-sensitivity of
the sulfur and thickness signal (see Supporting Information, Section 4),
the conditions for the sulfur and thickness map were selected based on
the amount of contrast between the two phases.

STEM-EELS and STEM-EDX maps of the columnar model system
were acquired simultaneously on a Talos F200X (Thermo Fisher
Scientific) at Nanoport Eindhoven, operated at 200 kV under cryogenic
conditions, equipped with a field emission gun with X-FEG emitter. The
EELS signal was acquired with a Gatan Enfinium Spectrometer and a
Ceta 16M CMOS camera. The EDX signal was acquired using a Thermo
Scientific 4SDD ED/SuperX system. A Gatan cryo holder was used. The
magnification was set to 57 kx, using a camera length of 60 mm. The
convergence semi-angle was 10 mrad, while the collection semi-angle
was 30 mrad.

EFTEM was performed on the Thermo Fisher Scientific Titan Krios,
located in the Max Planck Institute for Biochemistry, Martinsried,
Germany. The microscope was operated at 300 kV under cryogenic
conditions, equipped with a field-emission gun, a Gatan Quantum GIF,
an autoloader and a Gatan K2 direct electron detector. The magnifi-
cation was set at 6.5 kx at a dose rate of 3.5 e/Å2.

In STEM-EELS, a core loss spectrum, including the sulfur L edge and
the oxygen K edge, was acquired at a dose of 405 e/Å2. A STEM-EDX
spectrum was acquired simultaneously. In EFTEM, the oxygen K edge
was acquired at a dose of 405 e/Å2 using a slit width of 30 eV, posi-
tioned around 547 eV. Both pre-edge images (where the slit was posi-
tioned around 514 eV and 484 eV), at a dose of 405 e/Å2 per image.
Furthermore, in EFTEM, a sulfur map needs to be acquired separately.
To balance beam effects and signal to noise ratio, a total dose of 100 e/
Å2 was chosen to acquire the sulfur L edge, using a slit width of 20 eV,
centered on 180 eV. The post-edge images were acquired at the same
dose per image, where the slit was centered on 514 and 484 eV.

A zero-loss spectrum was acquired in STEM-EELS using a dose of
10 e/Å2. In EFTEM, a zero-loss filtered image and an unfiltered image

were acquired using a dose of 10 e/Å2 per image, where a slit width of
20 eV was used for the zero-loss filtered image.

In STEM-EELS and STEM-EDX, spectrum images were acquired with
128 × 128 × 2048 pixels with a pixel size of 17.12 nm. Oxygen and
sulfur maps were extracted in Digital Micrograph, were plural scat-
tering was removed using Fourier-ratio deconvolution. In EFTEM,
images were acquired with 3838 × 3710 pixels with a pixel size of
2.2 nm. After acquisition, the images were binned with a factor of 8,
which led to images with 479 × 463 pixels with a pixel size of 17.6 nm.
Dose fractionation was employed, where the post-edge, pre-edge 2 and
pre-edge 1 image were each made up of 120 images with an exposure
time of 1 s. These images were summed to create the final post-edge and
pre-edge images.

In principle, a larger area could have been acquired in EFTEM, with
a pixel size of 17.6 nm before binning. However, this would lead to the
illuminated area being smaller than the image, showing that the mag-
nification could not be lowered further.

The thickness maps were used to quantify the thickness of the
sample. Supporting Information section 1 shows the formula, and its
deduction, that is used to quantify the thickness from the thickness
maps.

2.5. Data analysis by smart averaging

To find the oxygen intensity of each phase, a binary image is created
from the sulfur map using Otsu thresholding [29]. The average intensity
and the standard deviation of the PCBM and P3HT region is subse-
quently calculated in Matlab, by multiplying either the P3HT or PCBM
binary image with the oxygen map.

To assess oxygen and water uptake in either the P3HT, PCBM or
interphase, interface plots are created by smart averaging, as shown in
Fig. 1. The data analysis was performed in Matlab, using Otsu thresh-
olding [29] to convert a sulfur map (Fig. 1a) into a binary image
(Fig. 1b). This binary image was converted into an interface mask
(Fig. 1c), by first shrinking the object (using the bwmorph (‘shrink’)

Table 1
Electron doses, pixel sizes and image sizes of images acquired with EFTEM, STEM-EELS or STEM-EDX.

EFTEM STEM-EELS STEM-EDX
Oxygen Sulfur Thickness Core Loss Zero Loss Spectrum

Total dose (e/Å2) 1215 300 20 405 10 405
Pixel size (nm) 17.6 17.12 17.12
Image size 479 × 463 (after binning 8) 128 × 128 128 × 128

Fig. 1. (a) Sulfur map of a P3HT:PCBM model system, where
the dark areas represent PCBM and the green areas represent
P3HT. (b) Binary image of a. (c) Interface mask prepared from
b. (d) Interface mask from c multiplied with the sulfur map of
a. (e) Multiple interface mask multiplied with the sulfur map
of a. (f) Interface intensity profile calculated by taking the
average pixel intensity of each set of rings from e, where the
internal ring is the data point on the left of the graph. The size
of the sulfur map is 1.994 μm×1.994 μm. (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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command in Matlab), and subtracting this image from the original
binary image. The interface mask was multiplied with the original
sulfur map (or oxygen or thickness map, Fig. 1d), where the average
intensity of the interior of the rings was calculated. By repeating the
shrinking or thickening (bwmorph, ‘thicken) of the interface mask
(Fig. 1e), and subsequently calculating the average intensity of each set
of rings, an interface profile was created (Fig. 1f).

3. Results and discussion

3.1. Columnar model system

Fig. 2a shows the P3HT:PCBM model system, where the light areas
represent PCBM and the dark areas represent P3HT. The PCBM regions
in this case are lighter due to a lower thickness of the PCBM regions as
compared to the P3HT regions. For equal P3HT and PCBM thickness,
PCBM would be the darker phase in bright field TEM in underfocus.
[30,31] An oxygen and sulfur map, acquired using EFTEM, are shown
in Fig. 2b and c. Using the smart averaging scheme, as explained in
Section 2.5, we investigated the average shape of the PCBM structures
(details are shown in the Supporting Information, Section 2). A sche-
matic of the cross-sectional sample morphology is shown in Fig. 2d,
showing a relatively narrow P3HT transition and a broader total
thickness transition. The schematic indicates that the interface is not
completely perpendicular to the sample. Therefore, to completely se-
parate the P3HT-rich, PCBM-rich and interface rich region, not only
oxygen maps are required, but sulfur maps are required to localize
P3HT and estimate the P3HT thickness, and thickness maps are ne-
cessary to find the total thickness. Combining this information, the
separate P3HT and PCBM thickness can be calculated, and, hence, the
oxygen content of each phase. This model system is further used to
measure oxygen and water uptake, using cryogenic STEM-EELS, EFTEM
and STEM-EDX.

3.2. Critical dose calculation

A critical dose, i.e., the maximum electron dose that can be used
before the acquired information becomes unreliable, is calculated by
following the intensity of the oxygen K-edge as a function of accumu-
lated dose, as shown in Fig. 3. In Fig. 3a one can see an EEL spectrum of

a fresh sample and a sample that has been exposed to 1000 e/Å2, where
a clear decrease in intensity is visible. We hypothesize that the re-
maining oxygen K edge originates from the oxygen atoms that are
present in the PCBM molecular structure, as the shape of the edge is
similar to the shape of the oxygen K edge of a PCBM sample (see
Supporting Information Section 3).

In general, the SNR (Eq. 2, where SNR is the signal-to-noise ratio, Ik
is the K edge intensity (counts), Ib is the background intensity (counts)
and h is a parameter dependent on the quality of the background fit
[32,33]), increases as a function of accumulated dose, since the relative
contribution of shot-noise (defined as the square root of the total in-
tensity). However, this is not true for beam-sensitive materials, since
the intensity of, in this case, the oxygen K edge decreases as a function
of accumulated dose (as shown in Fig. 3), following Eq. 3, where Ik is
the oxygen K-edge intensity (counts), D is the accumulated electron
dose (e/Å2), α and β are fitting parameters, and I∞ is the oxygen K-edge
intensity at an infinite electron dose (counts).

=
+

SNR I
I h I

k

k b (2)

∂

∂
= + ∞

−I
D

α Ie ( )k D
β

(3)

By combining equation the derivative of Eq. (2), and Eq. (3), we can
now calculate the SNR of the added signal (∂SNR/∂D) as shown in Eq.
(4). Since the intensity of the background is not dependent on the
electron dose (see Supporting Information, Section 4), we can write ∂Ib/
∂D as b, the background intensity (counts). We define the critical dose
as the dose where ∂SNR/∂D is 5, a modified take on the Rose criterion.
At the dose at which ∂SNR/∂D is lower than 5, the information that is
added to the image or spectrum is unreliable, and will only lower the
SNR. By fitting Eq. (3) to the data shown in Fig. 3b, and filling in the
obtained fitting parameters in Eq. (4), we obtain a critical dose of
405 e/Å2. For the factor h, a conservative literature value of 4.5 is used
[34]. The entire calculation and the values of the parameters are shown
in the Supporting Information, Section 5.
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Most importantly, Eq. (3) can further be used to correct the

Fig. 2. (a) Large area image of the P3HT:PCBM model system, where PCBM is shown as the light circles, due to a lower thickness. (b) Sulfur map of the P3HT:PCBM
model system. (c) Thickness map of the P3HT:PCBM model system. (d) Schematic cross section of an average PCBM feature in the P3HT:PCBM model system.
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measured oxygen signal and assess the initial composition as shown by
the rectangle in Fig. 3b. We assume that this works independent of dose
rate and imaging conditions. This is due to the fact that the ratio be-
tween the integral of Eq. (3) (from 0 to 405 e/Å2) and the extrapolated
initial EELS spectrum, i.e., the oxygen intensity without the effects of
beam damage, can be approximated (Fig. 3b), leading to a correction
factor of 1.65 at an accumulated dose of 405 e/Å2 (see Supporting In-
formation, Section 6 for more details). By multiplying the measured
oxygen content with this correction factor we compensate for the
oxygen that is lost during acquisition and are able to estimate the initial
oxygen concentration.

The beam stability of the sulfur and thickness maps was assessed
according to literature [12], as is shown in Supporting Information,
Section 7.

In conclusion, the critical dose to acquire a reliable oxygen map is
defined as the electron dose where the added signal has an SNR smaller
than 5, and this critical dose is calculated to be 405 e/Å2, based on the
decay of the oxygen K edge intensity. Furthermore, the final intensity of
the oxygen K edge intensity can be multiplied by a factor of 1.65 to find
the actual oxygen content.

3.3. Elemental imaging

Fig. 4 shows oxygen (a–c) and sulfur maps (e–g) of the P3HT:PCBM
model systems, exposed to oxygen and water, acquired using either
STEM-EDX, EFTEM, and STEM-EELS using the calculated critical elec-
tron dose of 405 e/Å2, showing the oxygen K edge intensity (counts). By
using the sulfur maps to localize the P3HT-rich (high sulfur intensity)
and PCBM-rich (low sulfur intensity) regions it is clearly visible that the
oxygen maps acquired using STEM-EELS show the most contrast be-
tween the P3HT-rich and PCBM-rich regions. Table 2 shows the average
intensities and their standard deviation. The intensity of the oxygen K
edge is higher in the PCBM-rich regions, independent of the technique
that is used. Although the difference in intensity is small when using
STEM-EDX or EFTEM, the difference in intensity is statistically sig-
nificant (see Supporting Information, Section 8).

In terms of SNR, as defined by the ratio of the average intensity and
the standard deviation of the average intensity, we see that EFTEM
gives the lowest SNR, followed by STEM-EDX and STEM-EELS. This is
likely to be caused by the poor quality of the calculated background
(i.e., a higher h factor in Eq. (2)) that is inherent in EFTEM. In STEM-
EDX, the low SNR is caused by the small amount of X-rays hitting the

detector. Due to the lack of background in STEM-EDX the critical dose
calculated in Eq. (4) is not valid. However, for a fair comparison, and to
simultaneously acquire STEM-EDX and STEM-EELS data, the dose is
kept the same. The lack of background signal in STEM-EDX ensures that
the standard deviation of the intensity, i.e., the noise level, is ap-
proximately the square root of the average intensity, showing that
mainly shot-noise contributes to the noise in STEM-EDX.

STEM-EELS gives a higher SNR than EFTEM [35], most likely due to
the improved quality of the background fit, and a higher SNR than
STEM-EDX, most likely due to the higher intensity at the detector and
therefore a relatively lower contribution of shot-noise. Furthermore, the
STEM-EELS results are the only results where the SNR is larger than the
Rose criterion, indicating that reliable data is obtained. In principle, the
SNR that is calculated can be compared to the SNR that is expected at
the critical dose, using the integral of Eq. (4). When these numbers do
not coincide, it is likely that the h-factor from literature is incorrect, and
a better approximation of the h-factor could have been made.

The data analysis protocol, where a hyperbolic tangent equation is
fitted to a calculated interface profile, as described in the materials and
methods section, has been performed on each oxygen map (see
Supporting information, Section 9), and has led to an R2 value for each
interface profile, as shown in Table 2. It is clearly visible that the STEM-
EDX results show the lowest significance when calculating this interface
profile. Due to the large area that is acquired in the EFTEM image, the
R2 value is much larger for the EFTEM results. In principle, larger areas
can also be acquired using STEM-EDX (and STEM-EELS), which how-
ever significantly increases the total acquisition time.[18] STEM-EELS
results do not only exhibit the highest SNR, but also show the largest R2

when calculating an interface profile. This leads to the conclusion that
1) all three techniques can be used to assess a difference in oxygen
intensity between phases, and 2) EFTEM and STEM-EELS can be used to
reliably assess trends across P3HT:PCBM interfaces, using the data
analysis protocol described in the materials and methods section. Due
to the high SNR of the STEM-EELS results, the only technique leading to
an SNR larger than 5, these results will further be used to quantify the
oxygen content.

Fig. 4c and d show STEM-EELS oxygen maps of a sample that is
exposed to oxygen and water (c) and a sample that is prepared in an
oxygen and water-free environment (d). A clear difference in intensity
is visible, showing that the oxygen content is much higher for an ex-
posed sample than for a sample prepared in an oxygen- and water-free
environment, proving that the measured oxygen content of an exposed

Fig. 3. (a) shows the oxygen K-edge of a sample that is exposed to 50 e/Å2 (red, fresh) and a sample that has been subjected to 1000 e/Å2 (black, degraded). Fig. b
shows the oxygen K-edge intensity as a function of accumulated dose. A fit with an exponential decay is shown, following the decay of the oxygen K-edge intensity.
The total area under the exponential decay curve is the total oxygen intensity that will be measured at a certain accumulated dose. The light gray square indicates the
intensity that would have been measured if the sample would have been beam-stable. The ratio between the two areas can be used to correct for electron beam effects
and to approximate the original oxygen concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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sample is indeed oxygen and water absorbed from the environment.
Table 2 shows that, for the glovebox sample, the PCBM-rich region has
the highest oxygen content, which is expected due to the oxygen atoms
present in the PCBM molecular structure. The SNR of the glovebox
sample is much lower, due to the lower intensity of the oxygen signal
and therefore a larger contribution of shot-noise. To quantify both the
oxygen and sulfur content, zero loss filtered images and thickness maps
are necessary. The sulfur maps of both the exposed and glovebox
sample are shown in Fig. 4g and h, while the thickness maps are shown
in Fig. 5. It is clearly visible that the PCBM-rich islands are much
thinner than the P3HT-rich matrix, as is confirmed by the average t/λ
values of both regions (0.57 and 0.88 for the PCBM-rich and the P3HT-
rich region of the exposed sample, respectively). By using the quantified
sulfur map to calculate the P3HT-thickness, and by calculating the total
thickness from the thickness map, the PCBM-thickness can be calcu-
lated (see Supporting Information, Section 10). Furthermore, this
thickness can be used to calculate the oxygen content that is present in
the molecular structure of PCBM using the size of the PCBM molecule
(see Supporting Information, Section 10). This allows for a calculation
of the total amount of oxygen and water that is physisorbed in each
phase.

These calculations lead to the interface profiles in Fig. 6, based on
the raw data provided in Supporting Information, Section 9. The initial
oxygen concentration is multiplied with a factor of 1.65 to compensate
for the intensity loss due to beam damage. In the PCBM-rich phase.
148 atoms/nm2 are absorbed in a 62 nm film, leading to an oxygen
concentration of 2.4 atoms/nm3. In the P3HT-rich regions, 73 atoms/
nm2 are absorbed in a 138 nm film, leading to an oxygen concentration

of 0.5 atoms/nm3 (see Table 3 and Supporting Information, Section 11
for more details). This confirms that the uptake of oxygen and water
mainly occurs in the PCBM-rich region (see also Supporting Informa-
tion, Section 12), as the concentration is ~5 times larger than in the
P3HT-rich region. Furthermore, it is clear that there is no specific in-
terface uptake.

The oxygen content in the glovebox sample is calculated to be
0.53 atoms/nm3 in the PCBM-rich region (see Supporting Information,
Section 12), which is far lower than what is expected based on the
oxygen content of the PCBM molecule (1.74 atoms/nm2). Some de-
viations could be caused by inherent errors in the STEM-EELS quanti-
fication process, such as deviations in inelastic cross-section (5–10% for
K-edges and 10–20% for L-edges), uncertainty in the background
model, since a power-law is assumed, and uncertainty in experimental
parameters such as the collection and convergenge angle [33]. This,
however, cannot explain the factor three deviation from the expected
value (1.74 atoms/nm3). Furthermore, the SNR is lower than 5, in-
dicating that the data might be too noisy for proper quantitative ana-
lysis.

For a fair comparison between the glovebox and the exposed sample
one must take into account the thickness difference between the two
samples, as the exposed sample is much thicker. This leads to multiple
scattering, which potentially lowers the measured concentration, de-
spite the fact that plural scattering is removed in Digital Micrograph. If
the measured concentration is indeed lower due to multiple scattering,
the difference in oxygen concentration between the exposed and glo-
vebox sample would be even larger.

Water deposition cannot be fully excluded, but no characteristic

Fig. 4. (a–c)Oxygen maps of samples that are exposed to oxygen and water, acquired with STEM-EDX, EFTEM and STEM-EELS respectively. (d) Oxygen map of a
sample prepared in an oxygen- and water-free glovebox, acquired with STEM-EELS. (e–g) Sulfur maps of samples shown in (a–c), acquired with STEM-EDX, EFTEM
and STEM-EELS, respectively. (h) Sulfur map of the sample shown in (d). All the maps are shown in counts.

Table 2
Average oxygen intensity, standard deviation of the oxygen intensity and the SNR in the PCBM-rich and P3HT-rich regions acquired with STEM-EDX, EFTEM and
STEM-EELS. For STEM-EELS, a sample that is exposed to water and oxygen is shown, and a sample prepared in an oxygen- and water-free environment. Furthermore,
the R2 of the fitted hyperbolic tangent on the interface profile is shown.

Oxygen intensity PCBM phase in counts (SNR) Oxygen intensity P3HT phase in counts (SNR) R2 of tanh fit

STEM-EDX Exposed 12.3 ± 3.6 (3.5) 11.6 ± 3.4 (3.4) 0.527
EFTEM Exposed 302 ± 259 (1.2) 218 ± 227 (1.0) 0.988
STEM-EELS Exposed 16.4×103 ± 1.2 × 103 (13.2) 11.7 × 103± 1.2 × 103 (9.2) 0.999
STEM-EELS Glovebox 1.5×103 ± 0.7 × 103 (1.9) 1.0 × 103± 0.7 × 103 (1.5) 0.984
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structures, such as leopard skin [36] have been observed. Furthermore,
such residual water desorbs at electron doses much lower than the ones
used here, so we believe that a possible influence of the microscope
vacuum and/or residual adsorbed water on the sample surface on the
experimental results can be neglected. As chemical bonding of water
with the polymer does not change the water content and hardly any
water is deposited, we surmise that beam-induced oxidation effects are
not likely.

Furthermore, from the STEM-EELS thickness maps and intensity
profiles (Fig. 5) it is clearly visible that not only the thickness, but also
the shape of the PCBM islands differs between the two samples. Firstly,
the total PCBM area seems to be larger in the glovebox sample, which is
likely to be caused by differences in environmental conditions. Since
P3HT is highly static in a glovebox, some P3HT might be removed from
the sample vial after weighing, leading to a somewhat higher poly-
styrene content, causing larger polystyrene islands, and thus larger
PCBM islands after spin-coating. Furthermore, the lack of oxygen and
water might have an influence on the flow behavior during spin-
coating, causing, e.g., different viscosities and different evaporation
rates. Experimentally, it seems that the sample changes color faster, i.e.,
dries faster, during spin-coating in a lab environment than in a glo-
vebox.

In summary, STEM-EELS is thus capable of measuring and quanti-
fying a difference in oxygen and water uptake between the P3HT and
PCBM regions, with a SNR higher than the Rose criterion. STEM-EELS

shows that there is a ~5 times higher oxygen and water uptake in the
PCBM-rich regions, and no specific uptake in the interphase is observed.
By using thickness calculations based on sulfur and thickness maps, a
distinction can be made between oxygen that is present in the mole-
cular structure of PCBM, and oxygen and water that is absorbed from
the environment.

4. Conclusions and outlook

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

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

Fig. 5. (a) Thickness map of a sample exposed to oxygen and water, acquired with STEM-EELS. (b) Thickness map of a sample prepared in an oxygen- and water-free
environment, acquired with STEM-EELS. (c). Thickness profile of a and b.

Fig. 6. (a) Thickness profiles of the P3HT layer, the PCBM layer and the combination of both layers from a P3HT:PCBM model system. (b) Oxygen content profiles of
the total oxygen content, the oxygen content present in the PCBM molecular structure and the oxygen content absorbed from the environment.
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STEM-EELS gives a signal-to-noise ratio that is higher than the Rose
criterion of 5, and the acquired data can therefore be used to reliably
quantify the oxygen and water concentration in the P3HT-rich and
PCBM-rich regions. We measure for samples exposed to a humid and
oxygen containing environment an uptake of 2.4 oxygen atoms/nm3 in
the PCBM-rich region, and an average uptake of 0.5 oxygen atoms/nm3

in the P3HT-rich region. These values have been corrected for signal
loss due to electron beam damage and oxygen atoms present in the
PCBM molecular structure. Based on the calculated oxygen profiles
across the P3HT-PCBM interphase we do not measure a specific inter-
phase uptake.

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