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Abstract—A method for visualization via atomic-force microscopy of the internal structure of photoactive
layers of polymer solar cells using an ultramicrotome for photoactive layer cutting is proposed and applied.
The method creates an opportunity to take advantage of atomic-force microscopy in structural investigations
of the bulk of soft samples. Such advantages of atomic-force microscopy include a high contrast and the abil-
ity to measure various surface properties at nanometer resolution. Using the proposed method, samples of the
photoactive layer of polymer solar cells based on a mixture of PTB7 polythiophene and PC,;;BM fullerene
derivatives are studied. The disclosed details of the bulk structure of this mixture allow us to draw additional
conclusions about the effect of morphology on the efficiency of organic solar cells.
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1. INTRODUCTION

Solar cells based on organic materials have recently
been developed and intensively investigated in labora-
tories and companies. One of the most promising
directions in this field is the development of polymer
solar cells (PSCs) with an energy-conversion effi-
ciency of over 10% [1—3]. The attained efficiency of
such cells in combination with their simplicity and low
cost make them economically attractive. To further
increase the efficiency of moderns PSCs, it is neces-
sary to have detailed knowledge of the morphology of
the photoactive layer, which is a mixture of the organic
donor and acceptor forming a bulk heterojunction [4].

The structure of the bulk heterojunction deter-
mines a number of very important processes occurring
in PSCs, including exciton diffusion and dissociation
and charge transport to electrodes.

Among the most widespread methods for studying
the nanostructure of photoactive layers are atomic
force microscopy (AFM) and transmission electron
microscopy (TEM) [5—9]. These two techniques yield
complementary information about the sample’s nano-
structure, since AFM is intended for surface investiga-
tions and TEM reveals information about the bulk
structure projection. In AFM investigations of the

photoactive-layer structure, a film is usually deposited
by centrifuging onto glass coated with indium tin oxide
(ITO). An upper electrode and transport layers are not
deposited, so the AFM probe has access to the photo-
active-film surface. In the TEM measurements, the
photoactive layer is transferred from such a sample to
a standard TEM measuring lattice. It is extremely
important to obtain information on the film structure
in the plane perpendicular to the surface, i.e., between
electrodes. This is a complex problem to be solved; it
requires the use of different surface modification tech-
niques with nanometer spatial resolution. Samples
with a photoactive-layer cross section are usually pre-
pared by microtomy or cutting lamellae using a
focused ion beam (FIB) [10]. Prepared PSC cross-
section samples have predominantly been investigated
by high-resolution (as a rule, better than 1 nm) TEM
methods, which allow chemical analysis (e.g., energy-
filtered transmission electron microscopy (EFTEM))
[11]. In addition, the sample cross sections obtained
by cleaving in liquid nitrogen are often studied by
scanning electron microscopy, which, as a rule, does
not ensure the required resolution. The TEM data
obtained on organic samples have poor contrast
because of the low atomic number of elements con-
tained in the materials; in addition, the samples are
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rapidly destroyed by the electron beam. In contrast to
TEM, scanning probe microscopy (SPM) allows one
to perform almost nondestructive measurements of
organic samples. In addition, the use of different AFM
modes yields high contrast on heterogeneous organic
samples. Thus, the combination of microtomy and
AFM makes it possible to obtain detailed information
about the bulk structure of organic samples by mea-
suring different types of interaction between the AFM
probe and a sample containing a photoactive-layer
cross section. In recent study [12], the combination of
microtomy and AFM was used to measure the poten-
tial distribution over a PSC cross section. In this study,
we use a similar approach, but with other, higher-res-
olution AFM techniques for studying more topical
materials. We study samples of a photoactive film
based on a polythiophene derivative commonly abbre-
viated as PTB7 (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] thio-
phenediyl})) and an acceptor based on a PC;, BM
fullerene ([6, 6]-phenyl-C71-butyric acid methyl
ester) [13]. Investigations of this mixture added to 3%
diiodooctane (DIO) yielded a record-breaking
energy-conversion efficiency for a single-layer PSC
(9.2%) [14]. This mixture was intensively studied by
different methods, so, in general, the structure of this
photoactive layer is fairly well-studied [15—19]. How-
ever, some problems concerning the bulk heterojunc-
tion configuration between electrodes remain
unsolved. The aim of this study is to obtain data on the
bulk nanostructure of PTB7 polymer-based photoac-
tive layers. The photoactive-layer cross sections pre-
pared by microtomy are studied using AFM tech-
niques. The complementary method used is high-
angle annular dark-field scanning transmission elec-
tron microscopy (HAADF STEM). As was shown in
several studies, this method used for studying organic
composites allows the TEM contrast to be signifi-
cantly improved [11, 20, 21]. Comparison of the data
obtained by ultramicrotomy and AFM in combination
with FIB TEM show no serious damage or strain in
the photoactive layer upon microtomy and reveal good
correlation of the results obtained using the two tech-
niques. At the same time, TEM does not reveal some
structural details that can be easily seen on SPM
images. The importance of the results obtained is con-
firmed by recent studies of the PTB7 modification,
which allows an even higher energy conversion effi-
ciency to be attained [3, 22].

2. EXPERIMENTAL

Samples for microtomy were fabricated using
polyethylene-terephthalate (PET) substrates with a
poly(3,4-ethylenedioxythiophene) poly(styrenesul-
fonate) (PEDOT:PPS) (Clevios AI4083) hole trans-
port layer and a PTB7:PC; BM photoactive layer
deposited by conventional centrifuging techniques.
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The PTB7:PC,,BM solution in chlorobenzene was
prepared in a concentration of 25 mg/mL at a mass
ratio of 1 : 1.5. Before centrifuging, the solution was
mixed for 5 h at a temperature of 50°C. The mixture
was deposited in a glove box in a nitrogen atmosphere
at a speed of rotation of 1000 revolutions per minute.
When using the solution with 3 vol. % of DIO, the
samples after film deposition were placed in vacuum
(in a chamber with a residual pressure of 10~ mbar) to
remove the remaining DIO. The sample was coated
with a CYTOP amorphous fluoropolymer (AGC
Chemicals Europe) with a thickness of several
micrometers. Thus, the obtained sample contained a
photoactive layer suitable for forming a cross section
by mictotomy. Right before microtomy, the sample
was embedded in epoxy resin and a pyramidal blank
was preliminarily cut using a glass knife. During
microtomy under standard conditions, the cut thick-
ness was 200 nm. Sample slices were cut with a Leica
UC6 ultramicrotome under standard conditions. After
cutting, the sample cross sections floating on the knife
dish surface were deposited onto a thin (0.17 mm) glass
slide (Fig. 1a). Thus, the samples for optical and probe
microscopy study of the bulk heterojunction structure
were prepared. The cut thickness d was verified by
measuring the surface topography near the cut edge
(Fig. 1b). It can be seen that the thickness d is consis-
tent with the mictrotome program settings, although
there is some deviation to the smaller side, which can
be attributed to the microtomy parameters and
mechanical properties of the sample. The cut surface
as a whole is smooth (the surface roughness is much
smaller than the cut thickness). The pronounced dark
lines in Fig. 1a are folds that occur during cut transfer
to the glass substrate. Upon AFM scanning of the sur-
face, the regions between the folds were chosen.

We fabricated samples of two types: with photoac-
tive layers of PTB7:PC,;,BM and PTB7:PC,;,BM with
3% of DIO added (hereinafter referred to as
PTB7:PC,;,BM:DIO). During deposition of the pho-
toactive layer onto the PET substrate, a thin interme-
diate centrifuged PEDOT:PSS sublayer was used to
keep the photoactive-layer structure the same as that
of the reference samples on the glass/ITO substrate.

The photoactive layers for TEM investigations
were deposited onto a standard glass/ITO substrate
coated with the centrifuged PEDOT:PSS layer [11].
The thickness of the film with DIO deposited onto
PET was larger than when using a standard substrate
with ITO.

The SPM measurements were performed using an
Integra Aura facility (NT-MDT) with NSGO01 and
CSG10 probes (NT-MDT). The phase contrast was
measured in the tapping mode with repulsion forces
being dominant.

The lamella with a photoactive-layer cross section
for TEM study was prepared using a NovaNanolab 100
double-beam system, which is comprised of a scan-
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ning electron microscope and a FIB. A lamella 10 X
4 x 80 um in size was cut perpendicular to the sample
surface and contained all of the layers. The TEM mea-
surements were performed using an ARM (JEOL)
microscope.

The spectra of giant Raman scattering enhanced by
a plasmon nanoantenna were detected using an
INTEGRA Spectra measuring system (NT-MDT).
For this purpose, we used an inverted optical scheme
and SPM configuration with measurements of the lat-
eral forces on the basis of a quartz resonator with an
attached gold nanoantenna. The conical optical nano-
antenna was formed by the adaptive electrochemical
etching of gold wire in a solution of hydrochloric acid
(37%) and ethanol (96%) in the volume ratio of 1 : 1
[23, 24]. In the measurements, we used a laser with a
radiation wavelength of 532 nm.

3. RESULTS AND DISCUSSION

The prepared samples containing sections of
PTB7:PC,;BM and PTB7:PC,;;BM:DIO photoactive
layers deposited onto glass substrates were studied by
probe microscopy techniques to establish the bulk
structure of the photoactive layers. Previously, the
structure of such films was investigated by probe and
electron microscopy, as well as X-ray diffractometry
[11, 15—19]; however, a number of problems concern-
ing the bulk structure of the heterojunction remained
unsolved. In particular, as was emphasized in recent
publication [11], the details of the film structure in the
plane perpendicular to the electrodes are still unclear.
This is important for understanding the operation of
modern high-efficiency organic solar cells, since the
interelectrode structure directly affects charge trans-
port. To investigate this, we prepared samples with
photoactive-layer cross sections using the above-
described microtomy-based method. To study the
cross section of the PTB7:PC;BM structure
(Fig. 1a), we used topography measurements in the
tapping mode and the phase-contrast technique. As
was mentioned above, the use of AFM for studying the
photoactive-layer cross section and spatial arrange-
ment of the heterojunction has a number of advantages
over other techniques (e.g., electron microscopy)
since this method ensures high contrast at a rather
high spatial resolution. The phase measurement mode
of the oscillating probe allows one to determine the
component distribution in the mixture, since the
phase depends on different properties of the surface.
The change in the phase ¢ upon contact between the
oscillating probe and the surface is related to the
energy loss sinQ « Ey;,, where Eg is the probe energy
loss for the oscillation period [25]. Thus, the measured
phase contrast is determined by surface properties
leading to energy loss, i.e., by adhesion, friction, vis-
coelasticity, etc. In general, it is impossible to unam-
biguously establish a contrast source in the phase
image due to the complexity and diversity of factors
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Fig. 1. (a) Optical image of the sample cut on glass and
(b) AFM profile of the cut on glass.

leading to the phase shift. The method under consid-
eration, however, is commonly accepted in studying
polymer samples using scanning electron microscopes
and allows one to distinguish components with differ-
ent properties in the mixtures at a resolution of ~1 nm.

The results of structural measurements of the pho-
toactive-layer cross section for the rather well-studied
PTB7:PC,;,BM mixture without any additions are pre-
sented in Fig. 2a, where one can clearly see the photo-
active layer between the white dashed lines. Fig-
ures 2a—2c show domains with an approximately
elliptical shape, which were previously investigated by
TEM [11]. Using the HAADF STEM technique, we
measured also a single elliptical domain in the film
cross section formed by cutting a thin lamella with the
FIB (Fig. 3). One can see inhomogeneities with dif-
fuse contours inside the elliptical domain in Fig. 3,
which prevent unambiguous conclusions about the
internal domain structure from being made. The con-
trast in the phase image (Fig. 2¢) appeared much bet-
ter pronounced and allowed the internal structure of
the mixture to be determined. The internal domain
structure can be clearly seen and demonstrates that the
domain contains both the donor and acceptor distrib-
uted nonuniformly. As was established previously, the
domains consist mainly of PC,;BM [11, 18, 19]; there-
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Fig. 2. AFM images of the PTB7:PC;BM film cross section: (a, b) surface texture and (c) phase contrast. Images in (b) and
(c) show the same region. (/) PET, (2) CYPOT, (3) PTB7:PC;;BM layer, (4) PEDOT, and (5) the layer enriched with PTB7.
(d) Texture (/) and probe oscillation phase (2) in the AA' cross section (see (b)).

fore, the light stripes in the elliptical domain (Fig. 2c,
on the right) can be interpreted as polymer-enriched
regions. In our settings of the tapping measurement
mode with the dominant repulsion forces, the light
areas correspond to a softer material leading to a larger
energy loss (polymer). Figure 2d shows the texture and
phase image of the same region. It can be seen that the
phase of oscillations of the probe cantilever changes in
the places with smooth texture; i.e., the phase contrast
reflects specifically different compositions in the
domain. The lack of correlation between the texture
and phase contrast is one piece of evidence showing
the sensitivity of the measured phase to the surface
composition. Thus, the domain structure represents
regions several tens of nanometers in size enriched
with the fullerene and separated by areas with signifi-
cant PTB7 polymer content. The distribution of inho-

mogeneities over the domain thickness and their shape
and size in the film cross section are demonstrated for
the first time. In addition, the phase image (Fig. 2c)
contains a pronounced polymer-enriched thin layer
coating the elliptical domain. It is the bright area adja-
cent to the dotted line on the right (designated by 5).

Thus, the combination of microtomy and probe-
microscopy measurements of the sample cross section
yields valuable data on the nanostructure of the pho-
toactive layer, which are generally confirmed by elec-
tron-microscopy data. Such an approach is comple-
mentary to the more widespread FIB and TEM cross-
section measurements and allows the advantages of
SPM to be applied. The established domain structure
features make it possible, in particular, to explain the
fairly high energy-conversion efficiency of solar cells
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Fig. 3. HAADF STEM image of the elliptical domain in
the PTB7:PC5BM photoactive layer cross section.

based on this mixture (6.2% [13]); specifically, the
nonuniform domain structure increases the bulk het-
erojunction area, which leads to an increase in the
number of excitons dissociating with the formation of
free charge carriers. In addition, Fig. 2c is indicative of
the possible existence of a continuous path for holes in
the domain bulk through polymer stripes, which facil-
itates charge transport to the electrode. At the same
time, the presence of a polymer-enriched thin film
coating the domains can reduce the efficiency of a
solar cell due to limited electron transport to the elec-
trode.

The second sample studied by us contains the
PTB7:PC;BM:DIO layer cross section. The structure
was studied using the following probe microscopy
techniques: topography measurements in the tapping
mode, phase contrast, friction force microscopy, and
HAADF STEM. The importance of investigations of
this sample is based, in particular, on the assumption
concerning the separation of the donor and acceptor
in the bulk of the photoactive layer at which the poly-
mer concentration near the centrifuged mixture sur-
face increases. This assumption is based on the fact
that the maximum efficiency (9.2%) is attained using
the inverted architecture [14]. Then, enrichment of
the surface with the polymer can also activate charge
transport to the electrodes, since the PTB7 polymer is
characterized by hole conductivity.

To prove that the sample prepared by us contains
the section of the film under study, we analyzed the
chemical composition of the surface cut via the
microscopy of giant Raman scattering enhanced by
the AFM probe [26, 27]. As was shown in [23, 24], the
optical resolution of this technique on polymer sam-
ples is 50—60 nm. The signal measured by us corre-
sponds to the spectral region of 1515—1570 cm™!,
within which the spectral maxima of both the polymer
and fullerene are located. The giant Raman scattering
data obtained on the sample surface clearly reveal the
areas containing PTB7 and PC;BM, which confirms
the presence of a photoactive film in the prepared
sample (Fig. 4).

Figure 5a shows the surface topography of the
PTB7:PC,;BM:DIO photoactive layer cut measured
by the SPM in the tapping mode. The photoactive
layer is located between the two dashed lines. Some
topography variations on the cut surface can be
attributed, first of all, to knife defects and nonuniform
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Fig. 4. Giant Raman spectra from the sample cross section
with the PTB7:PC;;BM:DIO film. Dashed lines show the

PTB7:PC5BM:DIO layer boundaries.

mechanical properties of the cut surface. The struc-
ture consisting of strips with a period of ~150 nm per-
pendicular to the photoactive layer results from vibra-
tions during cutting. Figures 5b and 5c¢ show the cut
surface topography and phase contrast for the same
region of the PTB7:PC,,BM:DIO photoactive layer.

It was most important to determine the degree of
homogeneity of the photoactive layer in the bulk of
PTB7:PC,;,BM:DIO. It follows from Fig. 5c that the
properties of the photoactive layer that lead to varia-
tions in the AFM probe oscillation phase are uniform
over the layer thickness. The phase contrast only
shows the effect of topography; no features or inclu-
sions in the bulk of the film were observed. If the poly-
mer concentration varied, the phase contrast inside
the photoactive layer would be nonuniform. Thus, the
AFM data indicate that the properties of the film in
the bulk of the sample are homogeneous. To confirm
this result, we used friction-force microscopy in the
contact mode. In this technique, the lateral probe
bending caused by friction forces is measured. In the
contact probes used in the experiment, the force of
interaction with the surface estimated from the depen-
dence of the cantilever deviation on coordinate Z of
the scanner was <10 nN. Such a weak interaction force
allowed the polymer surface to be investigated with the
minimum destruction in the contact mode. Figure 5d
shows the friction-force distribution over the
PTB7:PC;BM:DIO photoactive-layer cross section.
Again, the results obtained show that the friction-
force distribution over the layer thickness is uniform
and, consequently, the donor and acceptor are uni-
formly mixed, at least, accurate to the resolution of the
technique used (several nanometers). The contrast in
Fig. 5d repeats the features observed in the surface
image (Fig. 5b); no traces of phase separation or
domain formation are observed. The surface pattern
affects the oscillation phase of the cantilever and its
lateral bending; however, the presence of regions with
different properties would be reflected as contrast
unrelated to the texture.

To confirm the conclusion about the film struc-
ture, the sample with the PTB7:PC,;;BM:DIO section
was studied by HAADF STEM. The results of mea-
surements and layer identification in the sample cross
section are illustrated in Fig. 6. Slight contrast varia-
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Fig. 5. AFM images of the PTB7:PC;BM:DIO cuts: (a, b) topography, (c) phase contrast, and (d) friction-force distribution.
Images in (b) and (c) show the same region. The photoactive layer is located between dashed lines. (/) CYPOT, (2) PET, and

(3) PTB7:PC;;BM:DIO layer.

tions in the photoactive layers do not allow us to draw
a conclusion about the presence of phase separation or
the formation of agglomerates in the film. This result

Fig. 6. HAADF STEM image of the PTB7:PC;BM:DIO
sample cross section.

is consistent with conclusions based on the AFM data.
Thus, the data obtained by the high-resolution probe
microscopy and HAADF STEM techniques are indic-
ative of the high degree of component intermixing in
the PTB7:PC,;BM:DIO film and of the absence of
noticeable inhomogeneities in the bulk of the film on
the nanometer scale. This conclusion is important for
understanding the operation of cells based on
PTB7:PC; BM with a 3-% DIO addition, which
showed a record-breaking, until recently, energy con-
version efficiency of single-layer PSCs (9.2%).

Thus, the above assumption about separation of
the polymer and fullerene in the bulk of the
PTB7:PC,;BM:DIO photoactive layer, where the sur-
face is enriched with the polymer, was not confirmed
by our results. The fact that the inverted configuration
Vol. 52 2018
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of a solar cell led to the maximum efficiency for the
investigated donor and acceptor needs further expla-
nation and investigations. Further development of this
technique requires improvement in the microtomy
modes to obtain higher-quality cuts. In particular, it
seems promising to perform microtomy upon sample
cooling in liquid nitrogen.

4. CONCLUSIONS

It this study, we proposed and applied a method for
studying the internal structure of organic solar cells,
which is based on microtomy and probe microscopy.
The approach used allowed us to establish the details
of the fullerene-enriched domain structure in the
PTB7:PC,;,BM photoactive layer. Comparison of the
results obtained with TEM data makes it possible to
conclude that our approach is promising for investiga-
tions of structural components and determination of
the local properties of the bulk of organic material
mixtures with nanometer resolution. The results
obtained for the PTB7:PC,;;BM:DIO mixture by dif-
ferent probe microscopy methods showed a high
degree of component intermixing in the bulk of the
mixture and the absence of phase segregation on the
nanometer scale.
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