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Unraveling the Complex Nanomorphology of Ternary
Organic Solar Cells with Multimodal Analytical

Transmission Electron Microscopy

Stefanie Rechberger,* Nicola Gasparini, Ranbir Singh, Min Kim, Christos L. Chochos,
Vasilis G. Gregoriou, Kilwon Cho, Christoph J. Brabec, Tayebeh Ameri,*

and Erdmann Spiecker*

Elucidating the complex materials distribution in the active layers of ternary organic
solar cells is one of the greatest challenges in the field of organic photovoltaics.
Knowledge of the nanomorphology is key to understanding photophysical processes
(e-g., charge separation, adjustment of the recombination mechanism, and suppres-
sion of the radiationless and energetic losses) and thus improving the device perfor-
mance. Herein, for the first time, the successful discrimination and spatial mapping
of the active layer components of a ternary organic solar cell are demonstrated using
analytical transmission electron microscopy. The material distribution of all three
organic components is successfully visualized by multimodal imaging using com-
plementary electron energy loss signals. A complete picture of the morphological
aspects can be gained by studying the lateral and cross-sectional morphology as well
as the morphology evolution as a function of the mixing ratio of the polymers. Finally,
a correlation between the morphology, photophysical processes, and device perfor-
mance of the ternary and the reference binary system is achieved, explaining the

1. Introduction

Significant improvement of the device per-
formance of organic photovoltaics (OPV)
could be achieved in recent years using
novel materials and adapted device engi-
neering.! However, the power conversion
efficiency (PCE) of OPV still lacks behind
the inorganic counterparts, such as silicon
and perovskite solar cells. One of the main
limitations of organic materials (polymers
and small molecules) is the narrow absorp-
tion band that limits the light-to-current
conversion. In recent years, one of the lead-
ing strategies to extend the spectral absorp-
tion of organic materials is the concept of
ternary organic bulk heterojunction (BH]J)

differences of the power conversion efficiency between the two systems.

solar cells.””) Ternary blends typically com-
prise two organic electron donor materials,
which absorb light in different wavelength
ranges to better match the solar spectrum
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and thus increase the light harvesting, and one electron-acceptor
material retaining the advantage of a single-junction device struc-
ture. Incorporating the third component changes the photophysics
significantly in comparison with the reference binary BH]J solar cell.
Fundamental principles such as charge transfer, energy transfer,
and parallel linkage or alloy structure are closely related to the
location of the third component in the ternary active layer.
Therefore, the knowledge of the nanoscale morphology of the active
layer is indispensable to understand and further improve the PCE.

Various characterization techniques are established to deter-
mine the morphology and structure of organic BHJ solar cells
to elucidate morphology—performance relationships.”! Some of
these characterization techniques in real space (imaging) and
reciprocal space (diffraction, scattering) were applied to ternary
organic BHJ solar cells.! However, the successful determination
of the material distribution for all three components has not
been reported yet. Real-space techniques are essential to reveal
the morphology in terms of the location and shape of individ-
ual domains and the material distribution. Reciprocal-space
techniques offer additional information about the crystallinity,
molecular order, and domain spacings. Transmission electron
microscopy (TEM) is frequently used to visualize the morphology
in real space with high spatial resolution. However, due to the
similarity of involved polymers regarding chemical composition
and electron densities, it was not possible so far to determine the
material distribution of all three components.?>#“* Analytical
TEM and especially energy-filtered TEM (EFTEM) provide rich
additional information due to their chemical sensitivity and
the ability to map differences in the electronic structure of
involved materials.***¢™>] Nevertheless, even with EFTEM the
morphology determination of ternary organic BH]J solar cells
remains a challenging task, in particular in cases where the
two polymers show little differences with respect to their chemi-
cal composition and electronic structure represented in similar
plasmonic energies.**8"¥ Here, we present the successful
determination of the material distribution of all three compo-
nents of a ternary organic BHJ solar cell using analytical
TEM, which is, to the best of our knowledge, the first demonstra-
tion of its kind so far. We reveal the lateral as well as the cross-
sectional morphology and the influence of different sensitizer
concentrations on the morphology of the active layer, and corre-
late the morphology to the device performance.

In this work, the ternary organic BHJ solar cell based
on the host system of indacenodithieno[3,2-b]thiophene,
2,3-bis(3-(octyloxy)phenyl)quinoxaline (PIDTTQ)! and [6,6]-
phenyl C;q butyric acid methyl ester (PC,,BM) incorporating
the sensitizer poly[(4,4'-bis(2-ethylhexyl)dithieno[3,2-b:2',3'-d]
silole)-2,6-diylalt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5'-diyl]
(Si-PCPDTBT)" is studied (Figure S1, Supporting Information).
The extensive optoelectronic characterization of this system
was reported in the publication of Gasparini et al.®! A clear
manifestation of a sensitization effect was demonstrated by
incorporating Si-PCPDTBT into a PIDTTQ:PC;¢BM host blend,
changing fundamental photovoltaic processes in comparison
with the binary system. The ternary blend shows lower perfor-
mance under 1sun condition in comparison with the binary
blend, but delivers 6.1% PCE at 0.01sun, clearly surpassing
the best efficiency of the binary host blend due to the suppression
of trap-assisted recombination. The reason for the low
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performance under 1 sun condition is attributed to the morphol-
ogy of the active layer, which is presented here in detail.

2. Results and Discussion

EFTEM is an imaging technique based on inelastic scattering of
electrons, where only electrons with specific energies are used to
form the image.”’ For EFTEM investigations of a ternary BHJ
layer, we combine three concepts using different information:
1) the elemental information, 2) the plasmonic information,
and 3) pre-carbon imaging. Figure 1 shows the EFTEM charac-
terization of the ternary organic BHJ film PIDTTQ:Si-PCPDTBT:
PC;oBM with a mixing ratio of 0.5:0.5:2 by weight.

Zero-loss (ZL)-filtered bright field (BF) imaging enhances the
image contrast and resolution in comparison with BF imaging,
as inelastically scattered electrons are filtered out. However, since
Zlfiltered imaging only uses elastically scattered electrons,
direct chemical information and information about the electronic
structure of the material is lost. As a result, the identification and
differentiation of PIDTTQ and Si-PCPDTBT is not possible. The
dark domains shown in Figure 1a correspond to PC;,BM, which
forms nanocrystals!'” that scatter the electrons in larger angles
than the used objective aperture resulting in the dark contrast. In
addition, black nanoparticles can be seen in the ternary film in
the ZLAfiltered BF image (Figure 1a). These nanoparticles were
characterized by energy-dispersive X-ray spectroscopy (EDXS)
(Figure S2, Supporting Information) revealing palladium and
tin content. The nanoparticles originate from the synthesis of
Si-PCPDTBT and were not removed completely in the scaveng-
ing and soxhlet extraction process.

To identify all three components and determine the nanomor-
phology, we utilize the differences in the chemical composition
being directly proportional to the intensity values in elemental
maps. The nominal chemical compositions of PIDTTQ,
Si-PCPDTBT, and PC;oBM are shown in Table 1 in atomic pet-
cent. All elemental maps shown in this work are based on
EFTEM imaging and are determined using the three-window
method.”>'!) Figure 1b,c shows the elemental maps of sulfur
and carbon using the S L,3 edge at an energy loss of 165eV
and the C K edge at 284 eV. The signals of N and O at energy
losses of 401 and 532 eV, respectively, were too small to be used
for EFTEM imaging. Furthermore, the Si L-edge signal at 99 eV
originating entirely from Si-PCPDTBT was too small for EFTEM
imaging due to the close proximity to the intense plasmon peak.
Due to the difference of the carbon content of PC;oBM by a factor
of 2 in comparison with PIDTTQ and Si-PCPDTBT, the elemen-
tal map of carbon can be used to represent PC;,BM. The carbon
distribution (Figure 1c) confirms that the large domains already
revealed in the ZL-filtered BF image (Figure la) are PC;oBM
domains. In addition, dark fibers inside the PC;,BM domains
are detected that are attributed to a polymer. Both polymers
contain sulfur, whereby Si-PCPDTBT contains more than double
the amount than PIDTTQ. In the elemental map of sulfur
(Figure 1b), three intensity levels can be seen: a dark contrast
representing the PC;oBM domains, a medium contrast indicat-
ing the matrix around the fullerene domains, and a bright
fiber contrast. With respect to the composition of the polymers,
the matrix is identified as PIDTTQ and the fibers as
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Figure 1. EFTEM characterization of the ternary film. a) ZL-filtered BF image, b) elemental map of sulfur using the S L, ; edge, c) elemental map of carbon
using the C K edge, d) RGB color overlay representing the three materials (PIDTTQ: blue, Si-PCPDTBT: green, and PC7oBM: red), ) pre-carbon image at
267 £15¢€V, and f) plasmon image at 30 + 4 eV of PIDTTQ:Si-PCPDTBT:PC;,BM (0.5:0.5:2).

Table 1. Nominal composition of the organic materials used in the ternary
BH) solar cell.

Element PIDTTQ [at%)] Si-PCPDTBT [at%)] PC70BM [at%)]
H 50.9 51.4 14.3

C 45.6 40.5 83.7

N 0.9 2.7 -

o 0.9 - 2.0

Si - 1.4 -

S 1.8 4.1 -

Si-PCPDTBT. As the signals of sulfur of only 1.8 and 4.1 at% are
relatively weak, we performed plasmon imaging and pre-carbon
imaging to confirm these findings. Pre-carbon imaging uses elec-
trons with an energy loss just below the carbon K edge. This
effectively minimizes the contribution of carbon to the image
and thus structures containing elements with lower-lying edges,
such as sulfur, appear bright in the image.®® Figure 1e shows the
pre-carbon image at an energy loss of 267 eV with an energy win-
dow of 30 eV, which maximizes the structure-sensitive contrast.
The pre-carbon image confirms the findings about the material
distribution and displays the polymer fibers at high spatial reso-
lution. In addition to the ternary film, the pure materials were
analyzed using electron energy-loss spectroscopy (EELS) to char-
acterize the materials. Figure S3, Supporting Information, shows
the EEL spectra of the low-loss region of PIDTTQ, Si-PCPDTBT,
and PC;oBM. The broad peaks arising from collective oscillations
of valence electrons are the plasmon peaks for the various mate-
rials. Noteworthy is also the z—z* electronic transition of PC;,BM
at 6eV.'" The plasmon peaks were fitted using Gaussian
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functions leading to plasmon energies for the pure materials
of 21.8eV (PIDTTQ), 21.9eV (Si-PCPDTBT), and 24.5eV
(PC7BM). Both PIDTTQ and Si-PCPDTBT feature similar plas-
mon energies, whereas PC,0BM can clearly be distinguished.
Thus, an EFTEM image at an energy loss of 30+ 8eV was
acquired to differentiate between fullerene and polymers
(Figure 1f). In this energy region, the contribution of PC;,BM
dominates the contrast; therefore, the plasmon image at 30 eV
represents PC;oBM. The plasmon image is in good agreement
with the elemental map of carbon and shows the distribution
of PC;oBM-rich domains with improved signal-to-noise ratio.

In summary, the PC,oBM-rich domains are consistently iden-
tified using the elemental map of carbon and the plasmon image
at 30eV. The domains extend over several hundreds of nano-
meters and contain narrow polymer fibers. The elemental map
of sulfur and the pre-carbon image representing the polymers
are in good agreement and complementary to the fullerene-
representing images. The polymer-rich matrix surrounding the
fullerene domains are assigned to PIDTTQ whereas the fibers
preferentially contained in the fullerene domains are clearly iden-
tified as Si-PCPDTBT. In the case of a polymer mixing ratio of
0.5:0.5, the Si-PCPDTBT fibers are not fully contained in the
fullerene domains but also occur in the polymer-rich matrix
and even sometimes cross the interface between polymer matrix
and fullerene domains. To visualize the nanomorphology of the
ternary system, a RGB color overlay representing the three mate-
rials is shown in Figure 1d. In this figure, the ZL-filtered BF image
colored in blue represents PIDTTQ, the elemental map of sulfur
colored in green represents Si-PCPDTBT, and the elemental map
of carbon colored in red represents PC;oBM.

To take advantage of the unique elemental characteristic of
Si-PCPDTBT being the Si content, EDXS analysis focusing on

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. STEM EDXS line scan across a sensitizer fiber. a) STEM HAADF image of the ternary film with indicated line scan and b) EDXS line profile for
carbon, sulfur, and silicon along the line in part (a) showing clearly the changes in the composition at the location of the Si-PCPDTBT fiber.

the Si K peak was performed. Figure 2a shows a scanning TEM
(STEM) image taken in high-angle annular dark field (HAADF)
mode basically resulting in inverted contrast with respect to the
BF image in Figure 1a. Along the indicated line, an EDXS line
scan was performed and the results for Si, S, and C are shown in
Figure 2b. The line scan was placed in a PC;oBM-rich domain
crossing a polymer fiber which appears only with weak contrast
in HAADF-STEM image due to the lack of direct chemical infor-
mation. However, from the EDXS line scan, the polymer fiber
can be clearly identified as Si-PCPDTBT as the Si and S signals
increase and the C signal decreases at the position of the fiber.

500 nm

500 nm 500 nm 500 nm

1)

500 nm

500 nm 500 nm

With this additional proof, the nanomorphology of the ternary
organic BHJ active layer could be successfully elucidated using
analytical TEM.

To investigate the influence of the third component on
the nanomorphology of the ternary film, different PIDTTQ:
Si-PCPDTBT weight ratios were studied. Figure 3 shows the
EFTEM characterization of ternary films with mixing ratios of
PIDTTQ:Si-PCPDTBT:PC;o0BM of 0.75:0.25:2 (Figure 3a—e),
0.85:0.15:2 (Figure 3f-j), and 0.95:0.05:2 (Figure 3k-o). The
images can be interpreted with the same contrast mechanisms
as in Figure 1. Thus, the elemental maps of sulfur using the

Figure 3. EFTEM characterization of the ternary film with different polymer to sensitizer concentrations. PIDTTQ:Si-PCPDTBT:PC7,BM with mixing ratios
of a—e) 0.75:0.25:2, fj) 0.85:0.15:2, and k—0) 0.95:0.05:2. a,f,k) ZL-filtered BF images, b,g,|) pre-carbon images at 267 £ 15 eV, ¢,h,m) elemental maps of
sulfur using the S L, 3 edge, d,i,n) elemental maps of carbon using the C K edge, and e,j,0) plasmon images at 30 =4 eV.
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S L3 edge (Figure 3chm) and the pre-carbon images at
267 £ 15 eV (Figure 3b,g,l) reveal the polymers with bright con-
trast, whereas the fullerene-rich domains appear bright in the
elemental maps of carbon using the C K edge (Figure 3 d,i,n)
and the plasmon images taken at an energy loss of 30 £ 4 eV
(Figure 3e,j,0). To facilitate the comparison of the films with vary-
ing amount of sensitizer, all EFTEM images shown in Figure 1
and 3 were acquired at the same magnification. The morphology
of the binary PIDTTQ:PC,,BM BHJ host blend containing
PIDTTQ-MMW with medium molecular weight was already
described by Gasparini et al.’®) In this case, separated domains
with PC;,BM domain sizes of about 50 nm are formed. Upon
adding sensitizer and successively increase the sensitizer
amount, the PC;,BM domain sizes increase drastically to about
100 nm in the case of only 5% Si-PCPDTBT and further to sev-
eral hundreds of nanometers and even micrometers in the case
of 50% Si-PCPDTBT (Figure 1). For all mixing ratios, PIDTTQ
constitutes the matrix in which the fullerene-rich domains are
embedded, whereas Si-PCPDTBT forms fibers with lengths
between 70 and 150 nm and diameters of about 10 nm. In the
case of 50% sensitizer, the Si-PCPDTBT fibers occur in both
domains, PC;,BM and PIDTTQ, as well as at the interfaces
stretching from fullerene to polymer domains. Reducing the
amount of Si-PCPDTBT reduces the number of Si-PCPDTBT
fibers and reveals a preferential formation of the Si-PCPDTBT
fibers in the PCy,BM domains.

As a complementary characterization technique, 2D grazing
incidence wide-angle X-ray scattering (GIWAXS) was used to
obtain insights into the molecular packing, orientation and
crystallinity of the ternary organic BHJ active layers. Films of
pure PIDTTQ polymer, binary host blend PIDTTQ:PC,,BM
(1:2) and ternary blends PIDTTQ:Si-PCPDTBT:PC;,BM having
15% and 50% sensitizer were investigated and corresponding
2D GIWAXS patterns are shown in Figure S4, Supporting
Information. The extracted structural data are presented in
Table S1 and S2, Supporting Information, for the polymers
and PC;(BM, respectively. In addition, schemes of the idealized
unit cells of PIDTTQ and Si-PCPDTBT are presented in
Figure S5, Supporting Information. The 2D GIWAXS pattern
of pure PIDTTQ shows an in-plane reflection at g, = 0.34 A~"
(d-spacing = 18.5 A), which relates to the backbone repeat
(001) diffraction of PIDTTQ crystals."* A broad out-of-plane
reflection was also observed at g, = 1.39 A™" (d-spacing = 4.5 A),
which is indexed by z— stacking (010) reflection. The in-plane
(001) and broad out-of-plane reflection suggests that planes of
PIDTTQ aromatic backbones are roughly aligned parallel to
the surface plane of the substrate known as “face-on” orientation,
as shown in Figure S5, Supporting Information. In the 2D
GIWAXS pattern of the PIDTTQ:PC,BM (1:2) blend film, the
(001) backbone diffraction peak indicates that the polymer com-
ponent still maintains the face-on orientation with a coherence
length of 7.6 nm. In the ternary blend, an increase in the coher-
ence length of PIDTTQ to 9.3nm for the blend having 15%
Si-PCPDTBT sensitizer has been observed. It increases further
to 15.6 nm for 50% of Si-PCPDTBT. In the ternary blend, two
additional out-of-plane peaks at ¢, =0.36 A™" and q,=1.77 A"
occur, which can be attributed to the Si-PCPDTBT sensitizer.
The peak at g, =0.36 A~! (d-spacing =17.5 A) corresponds to
the spacing between adjacent chains set by the branched side
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chains." The broad peak at q.=1.78 A™" (d-spacing = 3.5 A)
represents z—n stacking Dbetween the backbone of the
Si-PCPDTBT polymer. Based on the comparison of the alkyl
chain stacking peaks (at g, =0.36 A7) of in-plane and out-of-
plane profiles, Si-PCPDTBT exhibits bimodal orientation of back-
bones having both edge-on and face-on orientations. Moreover,
the stronger 7—n stacking peak of Si-PCPDTBT in the out-of-
plane scattering geometry means that the face-on orientation
is more dominant than the edge-on orientation in the blend
films, which is preferential for vertical charge transport.[*"!
The cross-sectional morphology is a further important aspect
as it strongly influences the device performance by defining
the percolation pathways of the charges to the electrodes. To
get information about the cross-sectional morphology, a cross-
section of the whole solar cell was prepared using the in situ lift-
out technique in a scanning electron microscope/focused ion
beam (SEM/FIB) dual beam system. Figure 4 shows the EFTEM
characterization of two different areas of the cross-section of the
ternary organic BH] solar cell with a mixing ratio of 0.5:0.5:2 for
PIDTTQ:Si-PCPDTBT:PC;oBM. The ZL-filtered BF images
(Figure 4a,f) clearly reveal the vertical layer stacking of the solar
cell, comprising layers of indium tin oxide (ITO) and ZnO below
the active BHJ layer and MoO, and Ag layers above. The cross-
sectional morphology of the active layer is characterized using
elemental maps of sulfur (Figure 4¢,h) and carbon (Figure 4d,i)
as well as pre-carbon images (Figure 4b,g) and the plasmon
images at 30 £ 4eV (Figure 4e,j). Again, the EFTEM images
can be interpreted using the contrast mechanisms discussed
in detail in connection with Figure 1, thus enabling the discrim-
ination of the two polymer phases and the fullerene derivative.
The key information that can be extracted from the cross-
sectional images is the relative location of the Si-PCPDTBT fibers
with respect to the PC;0BM domains in vertical direction. This
information is not accessible from plan-view TEM images
(Figure 1-3) which represent projections through the thickness
of the film, thus making it impossible to discriminate whether
the Si-PCPDTBT fibers are located above, below, or inside the
PC;0BM domains. In the first cross-sectional area shown in
Figure 4a—e, PC,o0BM forms circular and circular-segmented
shapes and PIDTTQ-rich domains fill the space in between.
Si-PCPDTBT fibers (marked with white arrows) are located in
the PC;oBM rich domain; in addition, one fiber in the middle of
the images stretches into the PIDTTQ-rich domain. In Figure 4f—j,
one Si-PCPDTBT fiber that formed along the interface of PC;,BM
and PIDTTQ domains is shown. Furthermore, circular cross-
sections of two sensitizer fibers can be seen in Figure 4f, as
the orientation of the fibers are in this case perpendicular to the
lamella of the solar cell. One of these Si-PCPDTBT fibers is located
within the PIDTTQ-rich domain, whereas the other is located in
the middle of the PC,,BM rich domain. With these results, the
nanomorphology of this ternary organic solar cell is fully eluci-
dated, revealing the formation of Si-PCPDTBT fibers inside both,
PIDTTQ and PC;oBM domains, as well as at their interfaces.
In addition to the morphological aspects, we now turn our
attention to the photophysical behavior of studied blends in
organic solar devices. Recently, we have shown that blending
PIDTTQ and Si-PCPDTBT at equal weight ratio (PIDTTQ:
Si-PCPDTBT:PC,,BM 0.5:0.5:2) changes the charge recombina-
tion order of the binary PIDTTQ:PC;,BM, resulting in reduced
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Figure 4. EFTEM characterization of the cross-section of the ternary organic solar cell. a,f) ZL-filtered BF images of all layers of the solar cell (ITO/ZnO/
active layer: PIDTTQ:Si-PCPDTBT:PC;oBM/Mo0O,/Ag). b,g) Pre-carbon images at 267 & 15 eV, ¢,h) elemental maps of sulfur using the S L, ; edge,
d,i) elemental maps of carbon using the C K edge, and e,j) plasmon images at 30 - 4 eV of the active layer. White arrows indicate Si-PCPDTBT fibers.

trap-assisted recombination in the ternary blends. This leads to a
PCE in the excess of 6% at low light intensity (1 mW cm™?),
compared with the limited performances of reference binary devi-
ces (PCE=2%).®) Our analytical TEM analyses revealed that
Si-PCPDTBT fibers are preferentially located in PC;,BM-rich
domains; therefore, to disentangle the effect of the third compo-
nent, we fabricate binary devices based on Si-PCPDTBT:PC,,BM
at different donor to acceptor (D/A) ratios and study the current—
voltage (J-V) characteristics at different light levels. The J-V
curves and the photovoltaic parameters of the solar cells are shown
in Figure S6 and Table S3, Supporting Information, respectively.
We found that by decreasing the amount of donor polymer
the PCE is reduced from 1:1 to 0.125:1 D:A due to a reduced
light harvesting capability of the photoactive layer. Figure S7,
Supporting Information, shows the open-circuit voltage (Voc)
as function of light intensity for Si-PCPDTBT:PC;,BM devices.
The light-intensity dependence of the Vo directly provides insight
into the role of trap-assisted recombination versus second-order
recombination at the open-circuit condition. Although, for second-
order recombination, the slope of Vo versus In(P;,) is equal to
kT/q, the presence of additional mechanism of trap-assisted
recombination results in a stronger dependency of V. on the light
intensity reflected by a slope of 2kT/q."® As shown in Figure S6,
Supporting Information, we find that the contribution of trap-
assisted recombination increases upon increasing the amount
of donor material, reflected by a slope of 1.06, 1.08, 1.12, and
1.23 kT/q for Si-PCDTBT:PC;oBM ratios of 0.125:1, 0.25:1,
0.5:1, and 1:1, respectively. Importantly, comparison with the
ternary blends shows that, for a PIDTTQ:Si-PCPDTBT:PC,o,BM
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ratio of 0.50:0.50:2, the same slope is observed as for the binary
Si-PCPDTBT:PC,,BM with ratio 0.25:1, suggesting that small
addition of Si-PCPDTBT leads to a reduced trap assisted recom-
bination. However, the Si-PCPDTBT mix in PIDTTQ at high load-
ing of the third component causes bimolecular recombination as
well as coarsening of the morphology. The overoptimized size
of fullerene domains, formed by introducing Si-PCPDTBT into
the host system, hinders the continuous percolation pathway
for electrons and causes another source of bimolecular recombi-
nation. As a result, a significant improvement of ~60% in PCE is
observed for ternary organic solar cells at low light levels, where
the bimolecular recombination is negligible and trap-assisted
recombination is suppressed due to the specific nanomorphology
formed by introducing Si-PCPDTBT polymer into the PIDTTQ:
PC;0BM host system. For further details on solar devices perfor-
mance and characterization, we refer to the publication of
Gasparini et al.’®

3. Conclusion

In summary, we successfully elucidated the nanomorphology of
a ternary organic solar cell using multimodal analytical TEM
and correlated it to the device performance. By combining high-
resolution imaging with analytical techniques such as EELS
and EFTEM at various energy losses as well as EDXS, the material
distribution of all three organic components in the BH]J active
layer was determined. The impact of the sensitizer polymer
Si-PCPDTBT on the nanomorphology of the PIDTTQ:PC;,BM

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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blend as well as the phase formation was demonstrated by investi-
gating various mixing ratios of the polymers and the cross-sectional
morphology of the solar cell. It could be shown that the size of the
PC;oBM domains depends on the amount of Si-PCPDTBT, which
forms fibers, located preferentially in the PC;,BM domains. At
high sensitizer contents, the Si-PCPDTBT fibers additionally form
in the PIDTTQ-rich domains as well as at the PIDTTQ:PC,,BM
interfaces. Revealing the nanomorphology of these ternary organic
solar cells leads to a better understanding of the device perfor-
mance of the ternary system in comparison with the binary refer-
ence illuminated under 1 sun as well as under low light intensities.
It could be demonstrated that analytical TEM is a powerful toolset
to reveal the morphology of ternary organic solar cells for all
involved components and elucidate the morphology/device perfor-
mance relation to further improve the capabilities of OPV.

4. Experimental Section

Device Fabrication: All devices were fabricated using doctor-blading
under ambient conditions. The active layer films for TEM investigations
were deposited on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (50 nm)-coated glass. The active layers consisted of
PIDTTQ:Si-PCPDTBT:PC;0BM (20 g L™" in a mixture of 1,2-dichlorobenzene
[0-DCB] and 1-chloronaphthalene [CN] 97 to 3 vol%). The amount of
Si-PCPDTBT and PIDTTQ was varied, whereas the overall polymer-to-
fullerene ratio was kept at 1:2 by weight.

The BH] solar cells were fabricated in inverted device configuration with
the structure ITO/ZnO/active layer/MoO,/Ag. Therefore, prestructured
ITO substrates were cleaned with acetone and isopropyl alcohol in an
ultrasonic bath for 10 min each. After drying, the substrates were coated
by doctor-blading with zinc oxide (ZnO) and the active layer based on
PIDTTQ:Si-PCPDTBT:PC;,BM. MoO, and Ag were thermally evaporated
through a mask under a vacuum of ~2 x 10~® mbar.

TEM: Analytical TEM investigations were performed using an FEI Titan
Themis® 300 TEM equipped with a high-brightness field-emission gun
(X-FEG) operated at 200 kV. It was equipped with a high-resolution Gatan
Imaging Filter (GIF Quantum) used for EELS as well as energy-filtered
TEM (EFTEM) and a four-quadrant silicon drift detector (SDD) system
(Super-X detector) used for EDXS. In addition, the TEM was equipped
with a probe Cs corrector and an image Cs corrector as well as a
monochromator.

The active layer films for the TEM investigations were prepared as plan-
view specimens. Therefore, the doctor-bladed sample was put into a vessel
containing distilled water to float off the active layer. As PEDOT:PSS dis-
solved in the water, the active layer film was transferred to a lacey carbon
film TEM supporting grid.

The cross-section samples were prepared using a SEM/FIB DualBeam
system, an FEI Helios NanolLab 660. The in situ lift-out technique was
chosen to realize homogeneously thin cross-section lamellas. To protect
the surface from beam damage, carbon layers were grown by electron-
beam-induced deposition followed by ion-beam-assisted deposition.

GIWAXS: GIWAXS measurements were performed at 3C and 9A beam-
lines at Pohang Accelerator Laboratory (PAL). The photon energy was
10.2502 keV (A =1.2095A). The angle between the film surface and the
incident beam was fixed at 0.13° for all samples. The 2D GIWAXS images
from the films were analyzed according to the relationship between the
scattering vector q and the d spacing, q=2x/d. The GIWAXS images
shown are normalized with respect to the exposure time.

Supporting Information

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